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This research investigates the rheological properties of concentrated laponite RD suspensions 
modified through the addition of laponite RDS and sodium pyrophosphate (SPP). The work is 
aimed at establishing the possible suitability of these materials for treating liquefaction susceptible 
sands. This application requires that a laponite suspension initially exhibits liquid like behavior and 
low viscosity that allow its delivery into the pore space of a sand, but that over time the suspension 
develop a gel structure with solid like behavior that can serve to restrict sand particle mobility 
during earthquake shaking.  
The experimental program made use of a Physica MCR 301 Rheometer, a fully automated, air 
bearing apparatus controlled stress apparatus. Controlled shear rate tests (CSR) and amplitude 
sweep tests (AS) were performed to determine the flow and the viscoelastic behavior of 30 different 
clay suspensions as a function of time (from immediately after mixing to after 4 months). The 
concentration of laponite RD was varied between 3% and 9% by mass of water, while the dosages 
of the modifiers ranged between 1.5% and 6% by mass of water in the case of laponite RDS, and 
between 1.5% and 8.0% by mass of laponite RD, in the case of the SPP.  
The test results demonstrate that the addition of RDS and SPP impacts the rheology of the laponite 
RD suspensions, and that the effects are more marked when the concentration of RDS and SPP 
increases. For suspensions with the same RD %, at early aging times the addition of RDS or SPP 
causes a reduction in viscosity, yield stress and storage modulus. For sufficiently high dosages of 
RDS or SPP a Newtonian response is observed immediately after mixing.  
Both CSR and AS tests show a significant evolution in the rheological behavior of all RDS and 







and storage modulus, and a reduction in the phase angle measured in the LVE region. These effects 
reflect the transition of all suspensions from sols to gels. This transition is delayed for increasing 
concentration of RDS or SPP.   
After 2 weeks of aging all the suspensions examined in its research display phase angle less than 
10°, indicating the formation of a gel-like structure with solid like behavior. While the viscosity 
measured at a reference shear rate of 1000/s is found to reach a “steady state” after ~ 1 week of 
aging, the storage modulus of all suspensions continues to increase with time 3-4 months after 
mixing. Beyond 20-50 hours, the storage modulus increases with the total laponite concentration 
(RD plus RDS) and decreases with increasing SPP%. 
Based on the tests conducted, two suspensions (5% RD suspension modified with 4% RDS and 9% 
RD suspension modified with 7% SPP) are identified as potentially suitable permeation materials 
















1.1. Problem Statement 
Earthquakes are still seen as a major threat to buildings and human lives throughout the world. A 
great deal of effort has been done to prevent damage to buildings and preserve human life. Some 
of the work has focused on the development of models to predict the resistance of structures to 
seismic loads, which have been instrumental for the development of new codes and guidelines to 
improve building safety. However, there are many examples that show that a well-designed 
structure may be damaged if the ground where it stands is not able to sustain the deformations 
imposed by the earthquake. 
One of the most common causes of ground failure under seismic load is liquefaction. Liquefaction 
can be described as a phenomenon that involves strength and stiffness loss in loose to medium-
loose saturated granular soils in response to a monotonic, cyclic, or shock loading (Sladen et al., 
1985). Examples of soil liquefaction include the 1964 collapse of apartment buildings in Niigata, 
Japan; the failure of the lower Van Norman Dam in 1971 during the San Fernando earthquake; the 
collapse of numerous buildings during the 1976 Tangshan earthquake, China; the failure of a dam 
in Cerro Negro in the 1985 Chile earthquake, the failure of quay walls in the Kobe Port in the 1995 
Hyogoken-Nambu earthquake; the damage of roads in northern Italy in 2012, and others. 
There are a number of methods available to strengthen the soil against liquefaction, and thus 
mitigate the damage that could result during an earthquake. The methods include grouting, piling, 
dynamic compaction and vibroflotation. In recent years interest in soil improvement techniques 
using grouting has increased because it can be applied not only to new construction sites, but also 
to locations with existing structures. Clay suspensions, such as bentonite and laponite suspensions, 
are used as additives to grouts to improve the soil's resistance to liquefaction. 
There are many factors that affect the liquefaction resistances of a soil. These include pore pressure, 






characteristics of the cyclic loading. One of the most important factors is the presence of plastic 
fines: it has been observed that the presence of plastic fines increases the resistance to liquefaction 
(Ishihara, 1993; Ishihara, 1996). Research on the effects of plastic fines in a sand matrix (Mohtar 
et al., 2008) indicates that the addition of 3% and 5% bentonite, which is a highly plastic widely 
available clay, inside the pore space of Ottawa sand increases the cyclic resistance of the sand by 
about one order of magnitude. 
While bentonite offers clear advantages in that it is readily available, it has no environmental 
concerns and the geotechnical engineering community is very familiar with it, it is a natural product 
and thus its quality may be variable from batch to batch and may contain impurities. An alternative 
that has shown promise (EI Howayek et al., 2011) is laponite. Laponite is a synthetic 2:1 layered 
silicate clay. It is used extensively in industry due to its thixotropic properties. It has also shown 
promise for use in treating sands susceptible to earthquake induced liquefaction. 
However, with the increase in the concentration of laponite, the viscosity of the suspension 
increases. As a result, it may become more and more difficult to introduce it in the soil unless 
adequate pressure is provided. Large pressures however (e.g. pumping the clay suspension into the 
soil) may induce fracturing and/or fingering, which may not provide adequate treatment. As an 
alternative, the permeability of laponite suspensions can be temporarily decreased through 
chemical modifiers, which would allow permeation of the suspension into the soil. 
Thus, the study of the modification of flow and viscoelastic behavior of concentrated laponite RD 
suspensions, through the addition of laponite RDS and sodium pyrophosphate (SPP) used as 
chemical modifiers, is the focus of the thesis. The objective was motivated by finding the means to 
easily deliver laponite suspensions into the soil to increase its liquefaction resistance. 
1.2. Research Objectives and Approach 
The goal of this research is to investigate the time-dependent rheological behavior of laponite RD 
suspensions modified by laponite RDS or with sodium pyrophosphate (SPP). The specific 
objectives of this research are: 
1)  Determine the proper amount of laponite RDS and sodium pyrophosphate (SPP) that is 
required to promote successful permeation of laponite RD suspensions in a clean sand, while 






2)  Determine how the addition of laponite RDS and SPP affect the viscoelastic and flow 
properties of laponite RD suspensions; 
3)  Measure the time evolution of viscoelastic properties of laponite RDS and SPP modified 
suspensions. 
4)  Compare the behavior of RD modified laponite suspensions treated with laponite RDS or SPP 
to identify the similarities and differences in rheological properties and microstructure with time. 
1.3. Organization of the Thesis 
The thesis is comprised of five chapters: 1) a concise introduction of the problem; 2) a brief 
literature review of the previous research on the rheology of laponite suspensions and clay 
modifiers; 3) a description of materials, equipment and test procedures; 4) a detailed analysis of the 
experimental data and results; 5) conclusion of the research work and recommendations of future 
work. Further details regarding the contents of each chapter are provided in the following: 
Chapter 1 introduces the problem statement for the research work, presents the motivation of using 
laponite suspension to strengthen granular sands against liquefaction, and describes the approach 
taken in the research. 
Chapter 2 gives a brief introduction of laponite suspensions and their rheological behavior, provides 
previous research work that is relevant to the topic and describes chemical rheological modifiers 
of clay suspensions. 
Chapter 3 introduces the materials, equipment and testing procedures conducted on laponite 
suspensions, as well as the experimental program. 
Chapter 4 presents the analysis of the test data, and in particular the effects of the addition of 
laponite RDS and SPP on the rheological behavior of laponite RD suspensions. The evolution in 
time of the viscoelastic properties of the laponite modified suspensions are also discussed. Finally 
the similarities and difference between RDS and SPP modified laponite suspensions are given. 

















Laponite is a synthetic layered silicate. It is used as a unique specialty additive to improve the 
properties and performance of many industrial processes and consumer products. When disperse in 
water, laponite forms a soft, colorless colloid which can be used as a filler and thickening agent. 
In this chapter, an overview of manufacture, structure and properties of laponite as well as its 
application will be given. Particularly, section 2.2 introduces the composition, structure, physical 
and chemical properties of laponite; section 2.3 discusses the rheology of laponite suspensions; 
section 2.4 talks about the experimental tests used to determine rheological behavior of laponite 
suspensions, and section 2.5 goes on to review the rheological control of laponite suspensions. 
2.2. Description of Laponite 
There are different types of laponite products available, but the most known are laponite RD, 
laponite RDS and laponite XLG, which will be introduced in detail in the following sections. The 
density of laponite is about 2.57g/cm3 (Rockwood Additives Limited, 2011; Kroon et al., 1998; 
Nicolai & Cocard, 2011), and its specific surface area (SSA) is 370m2/g (Qi et al., 1996; Herrera 
et al., 2004; Rockwood Additives Limited, 2011). 
2.2.1. Manufacture of Laponite 
Laponite is a synthetic magnesium silicate manufactured by Rockwood Additives Ltd., Cheshire 
UK, and Southern Clay Products, Inc., Gonzales, Texas. According to Neumann, 1971, the 






1. Slowly combine water-soluble magnesium salt, acid sodium silicate, sodium carbonate at a 
carefully controlled shear rate and temperature to get an aqueous slurry. 
2. Hydrothermally treat the aqueous slurry for about 10 to 20 hours to crystallize the synthetic 
mineral -like clay. 
3. Wash and dewater the resulting crystallized product and finally dry the product at a temperature 
of up to 450OC to get a fine white powder. The fine white powder is laponite. 
2.2.2. Structure and Chemistry of Laponite 
Laponite is a 2:1 layered smectite clay mineral that consists of one octahedral sheet sandwiched 
between two tetrahedral sheets. Figure 1 (a) shows the formula of laponite, which is 
Na+0.7[(Si8Mg5.5Li0.3)O20(OH)4]
-0.7, (b) gives the idealized structural formula of laponite, and (c) 
depicts a single laponite platelet. Usually the tetrahedral sheet is silica (SiO4) in which three O
2- 
ions of each tetrahedron are shared with the three nearest neighboring tetrahedral silica, while the 
fourth O2- ion is not shared with another tetrahedron and is free to bound (in this case, for the 2:1 
layered smectite clay material, it is bound to the octahedral sheet). The octahedral sheet consists of 
one central cation filling the sites between two planes of apical oxygen and hydroxyl. There are 
two types of octahedral sheets: trioctahedral and dioctahedral. If the central cations are divalent 
cations (e.g. Mg2+), they will occupy all the three possible octahedral sites and create a trioctahedral 
sheet. If the central cations are trivalent cations (e.g. Al3+), they will occupy two of every three 
possible octahedral sites and produce a dioctahedral sheet (van Olphen, 1977). 
Isomorphic substitution is the substitution of some atoms in the tetrahedral or octahedral sheets for 
other atoms (e.g. Si4+ can be replaced by Al3+ in the octahedral sheet; Al3+ replaced by Mg2+ and 
Mg2+ replaced by Li+ in the tetrahedral sheet). The effect of such phenomenon results in a negative 
charge imbalance on the material, which then can attract cations to its surface. The attracted cations 
are held in a diffuse region on both sides of the laponite crystal. These regions are known as the 
double layer. The formula of laponite suggests that some magnesium atoms in the octahedral sheet 
are substituted by lithium atoms, which creates a negative charge that is balanced by interlayer 
cations, predominantly sodium. The sodium ions tightly hold the two 2:1 crystal layers together. 






crystal structure. Thus when laponite is dissolved in water, it rapidly delaminates into a clear 
colloidal dispersion of charged disk-like, fairly uniform crystals, as shown in Figure 1 (c), with 
negative charges on the face and positive charges on the rims. 
 
Figure 1. (a) formula of laponite, (b) idealized structure of laponite, (c) single laponite platelet (Ruzicka et 
al., 2011) 
The rim charge of a laponite crystal is affected by pH. A higher pH might change the positive 
charge at the rim to a negative charge. According to Tawari et al., 2011, when the pH is larger than 
11, the rim charge of laponite crystal is neutralized. However, it appears that under normal 
conditions, i.e. the samples are prepared in water with a starting pH=10 or when laponite power is 
added to deionized water without adjusting its pH value, the resulting final pH of the laponite 
solution is 10 (Cummin et al., 2007). Thus, laponite rim charges should be positive under normal 
experimental conditions. 
The approximate size of laponite crystals is 25nm in diameter and 1nm in thickness. When 
compared to other kinds of natural clays such as bentonite (75nm in diameter and 1nm in thickness), 
illite (300nm in diameter and 10nm in thickness) and kaolinite (1000nm in diameter and 100nm in 
thickness), the size of laponite is much smaller. Figure 2 shows a comparison between the particle 







Figure 2. Comparison of clay particles with laponite (modified from Santagata, 2013) 
2.2.3. Laponite Type and Applications 
In 1962, a UK scientist named Barbara Neumann obtained a patent for laponite, a synthetic layered 
silicate that improves the performance of a wide range of industrial and consumer products making 
them more valuable to their users. Laponite products have many advantages when compared to 
other natural clay minerals, such as high purity, smaller cost, better control of rheological properties, 
and environmentally friendly. One of the consequences of the advantages of Laponite over other 
clays is that with time, the demand for laponite has increased tremendously, and the types of 
laponite products have increased. Nowadays at least 10 types of laponite products are available in 
the market, the most commonly used products are laponite RD/RDS, laponite XLS/XLG, laponite 
D/DF/DS and laponite S/JS. Generally laponite products can be divided into two basic grades: gel 
forming grades and sol forming grades. When dispersed in water, gel forming grades of laponite 
form clear, colorless, high viscosity colloidal dispersions. Sol forming grades of laponite follow 
the same dispersion characteristics, except that low viscosity sols are formed. Laponite can be used 






Additives Limited, 2011). As a rheology modifier, laponite can be added to the formulation of 
many waterborne products such as surface coatings, household cleaners and personal care products. 
It will impart shear sensitive viscosity and improve stability. As a film former, laponite may be 
used as a film forming agent and is used to produce electrically conductive, antistatic and barrier 
coatings. Table 1 shows the classification of laponite products and their functions. A summary of 
the properties, applications and benefits of laponite is included in  
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Table 2. Features and benefits of laponite (modified from Rockwood Additives Limited, 2013) 
Laponite 
Applications 





High viscosity at 
low shear rates 
-Formulate gelled products for 







-Compatible with non-ionic, 
anionic and some amphoteric 
surfactants 
Colorless 




High gel strength 
-Improves stability of emulsions, 
suspended abrasives and solid 
actives 
-Suitable for making non tacky 







-Controllable rate of restructure 
after shear 
Unequal degree 
of shear thinning 
-Gives a light, clean texture to 
creams and lotions 
-Gel-like creams and pastes can be 





High viscosity at 
low shear rates 






-Readily formulated for brush, 











particles and high 
SSA 






-Increase moisture resistance 
-Conductive/antistatic 
-Prevent migration of molecular 









2.3.1. Flow Behavior of Laponite Suspensions 
Flow behavior of clay suspensions is given by the relationship between the shear stress 𝜏 and the 
shear rate ?̇?. The shear rate is defined as the change of shear strain per unit time, and the shear 





                             Equation 1 
Similar to the elastic modulus, viscosity 𝜂 is a measure of the resistance of the fluid to shear flow. 
The plot between shear stress τ and shear rate ?̇? is the consistency curve. Usually there are four 
different types of flow: Newtonian, pseudoplastic, Bingham Plastic and dilatant. 
As shown in Figure 3, when the shear stress is proportional to the shear rate, the material is 
Newtonian and has a constant viscosity. Typical Newtonian fluids are water, mineral oil and honey. 
Non-Newtonian fluids are those where the viscosity changes with shear rate. 
 
Figure 3. Consistency curves for four different types of flow 
Aqueous clay suspensions that possess a relatively high particle concentration have been 







model postulates that the initiation of flow occurs upon the application of a finite stress and at 
greater stress the flow will be Newtonian, as shown in Figure 3. Thus there are two parts that 
contribute to the resistance of the suspension to flow: a Newtonian part in which the shear stress is 
proportional to the shear rate and a non-Newtonian part in which the shear stress is constant 
irrespective of the shear rate. The finite stress is called yield stress 𝜏𝑦, and the equation for the 
Bingham model is: 
𝜏 = 𝐺?̇?;     𝜏 < 𝜏𝑦                            Equation 2 
𝜏 = 𝜏𝑦 + 𝜂𝑝𝑙?̇?;     𝜏 ≥ 𝜏𝑦                         Equation 3 
Where 𝜏𝑦 is the Bingham yield stress, defined as the Y-intercept of the flow curve at high shear 
rates, and 𝜂𝑝𝑙 is the plastic viscosity, which is the slope of the curve at high shear rates. 
Very dilute clay suspensions or drilling fluids that contain polymers behave as pseudoplastic fluids, 
which are characterized by a shear thinning behavior, in which an apparent decline in the viscosity 
occurs when the shear rate increases. This indicates a continuous breakdown of the internal 
structure of the material due to increased shearing. This behavior may be caused by the breakdown 
of flocks in colloidal systems. 
Dilatant flow is defined by a shear thickening behavior, in which an apparent increase in the 
viscosity of the fluid is observed when the shear rate increases. This illustrates the continuous build-
up of the internal structure of the material due to increased shearing. Since most fluid-like materials 
display Newtonian or pseudoplastic behavior (laponite suspensions display pseudoplastic behavior), 
dilatant flow and thickening behavior will not be discussed in this thesis. 
The consistency curves of Dilatant and Pseudoplastic fluids are shown in Figure 3. The 
pseudoplastic model can be described by the power-law equation: 
𝜏 = 𝐾?̇?𝑛                               Equation 4 
Where K is a measure of the consistency of the fluid, and n is the flow behavior index, which is a 
measure of the decrease of effective viscosity with shear rate. When n is close to zero, the 
pseudoplastic flow curves largely deviate from the Newtonian flow; when n is close to 1, the 







Other models have been considered in describing the rheological behavior of non-dilute clay 
suspensions with an apparent yield stress, such as the Herschel-Bulkley model, which is given by: 
𝜏 = 𝜏𝑦 + 𝐾?̇?
𝑛                        Equation 5 
and the Casson model: 
𝜏1/2 = 𝑘0 + 𝑘1?̇?
1/2                     Equation 6 
Both the Herschel-Bulkley and Casson models have been used to describe the consistency curves 
of non-dilute clay suspensions. In both cases, the suspension has an initial yield stress when the 
shear stress is low and shows a pseudoplastic or shear thinning behavior when the shear stress is 
larger than the yield stress. 
Figure 4 shows the typical consistency curves for 3% laponite RD suspension at 0 minute, 30 
minutes, 1 hour and 4 hours. It can be seen that, at time 0, the laponite suspension is a Newtonian 
fluid because the shear stress is proportional to the shear rate. With time, the rheological behavior 
of the laponite suspension gradually changes from Newtonian fluid (0 minute) to pseudoplastic 
fluid (between 30 minutes and 1 hour) and finally to a cross model gel, which is discussed in detail 








Figure 4. Typical consistency curves for 3 % laponite RD suspensions at different ageing times 
The consistency curve of laponite suspensions can be divided into three regions: two regions when 
the shear rates are exceptionally low or exceptionally high and the corresponding viscosity of the 
suspension is constant, and a third region between the two, a shear thinning region, where the 
viscosity continuously decreases with the increase of shear rate. When the shear rates are extremely 
low, the suspensions are flocculated systems that have a linear viscoelastic response for which a 
relatively high constant viscosity exists. Once the shear stress exceeds the yield stress, the viscosity 
decreases due to shear thinning caused by the breaking down of the flocculated structures. At high 
shear rates, the viscosity becomes constant again but at relatively low value, indicating that the 





+ ?̇?𝜂∞                           Equation 7 
Where 𝜂0  is the viscosity of a fluid at infinitely low shear rates and 𝜂∞  is the viscosity at 







2.3.2. Time Dependent Flow Behavior of Laponite Suspensions 
Laponite suspensions frequently show a time dependent flow behavior, which is known as 
thixotropy (Van Olphen et al., 1963). After mixing the suspension, the yield stress and plastic 
viscosity decrease but recover with time if left standing. This is because the colloidal system can 
rebuild its internal structure with time after the shear is reduced or completely removed. A typical 
way to investigate the existence of thixotropy in a fluid is by performing “step” experiments and 
monitoring the shear stress response for an applied shear rate or by monitoring the shear rate 
response for an applied shear stress, as is shown in Figure 5. These step experiments are widely 
used to determine the time to apply shear rates/stress to get a steady state response. 
 
Figure 5. (a) Applied shear rate or (b) applied shear stress on thixotropic materials for which (c) and (d) 
shows the breakdown or build-up of the material structure (Barnes, 1997) 
Figure 6 shows typical curves for concentrated thixotropic clay suspensions. Curve 1 represents the 
original flow behavior. After pre-shearing, the suspension displays a flow behavior represented by 























































































































































































Curve 3 shows the response to shear stress of laponite suspensions when the shear rate is ramped 
up and then immediately ramped down. As shown in the figure, at a particular shear rate the 
corresponding shear stress recorded in the ramped down region is lower than in the ramped up 
region, and so a hysteresis loop is obtained. This indicates that the fragment of the network that is 
broken under shear needs substantial recovery time to be linked again into a network. 
 
(a)                                 (b) 
Figure 6. Typical flow curves for concentrated thixotropic clay suspensions. (1) initial flow curve; (2) flow 
curve after pre-shearing; and (3) thixotropic loop 
 
2.3.3. Viscoelasticity of Laponite Suspensions 
An alternative procedure for investigating the stability and flocculation of laponite and other 
colloidal dispersions is through viscoelastic measurements. Viscoelasticity is a time-dependent 
property of a material that exhibits both viscous and elastic behavior. For a constant applied strain, 
the stress response in an elastic material is linearly proportional to the strain and quickly returns to 
its original state once the strain is removed. On the other hand, the stress response of viscous 
materials to a constant applied strain shows instantaneous relaxation to zero. Viscoelastic materials 
show a decrease in stress to an asymptotic value τ𝑒 and viscoelastic liquids show a decrease in 
stress towards zero. The stress response versus time to an applied constant strain for elastic, viscous 








(a)                                   (b) 
 
(c)                                   (d) 
Figure 7. Stress response to an applied constant strain: (a) applied constant strain; (b) stress response of 
elastic materials; (c) stress response of Newtonian fluids; and (d) stress response of viscoelastic materials 
(Macosko, 1994) 
 
One method to measure the viscoelastic properties of a material is the oscillatory test. It is used to 
measure the response of viscoelastic materials to small amplitude oscillatory shear. 
Oscillatory tests are performed by applying a small amplitude sinusoidal oscillation (strain or stress) 
to the sample at a constant frequency. The application of sinusoidal strains is more commonly used, 
and the corresponding stress or shear rate is compared with the strain applied with time. For a 
viscoelastic suspension, the stress oscillates with the same frequency as the strain, but out of phase 







𝛿 = 𝛥𝑡𝜔                             Equation 8 
Where Δt is the time lag of frequency and ω is the frequency in radians per second. The frequency 




                             Equation 9 
In oscillatory shear, a complex shear modulus G* is defined through the following equation: 
𝜏(𝑡) = 𝐺∗(𝜔)𝛾(𝑡)                      Equation 10 
where G* is a function of the oscillatory frequency ω. 
For an applied oscillatory strain, the stress will be out of phase by an angle δ, in this case: 
𝛾(𝑡) = 𝛾0𝑠𝑖𝑛𝜔𝑡                      Equation 11 
𝜏(𝑡) = 𝜏0 𝑠𝑖𝑛(𝜔𝑡 + (𝛿 + 𝜙)) = 𝜏0
′ 𝑠𝑖𝑛(𝜔𝑡) + 𝜏0
′′𝑐𝑜𝑠(𝜔𝑡)    Equation 12 
?̇?(𝑡) = 𝛾0𝜔 𝑐𝑜𝑠(𝜔𝑡) = 𝛾0̇ 𝑐𝑜𝑠(𝜔𝑡)             Equation 13 
Where γ0 is the amplitude of the imposed strain, τ0 is the amplitude of the sensed stress, τ0
′  is 
the amplitude of the elastic component of the stress, τ0
′′ is the amplitude of the viscous component 
of the stress, γ0̇ is the amplitude of the shear rate, δ and ϕ are the phase angles (i.e. in-phase with 
the strain or with the strain rate, respectively). 
For a perfectly elastic system, the stress is exactly in phase with the strain (δ=0° and ϕ=90°), while 
for a perfectly viscous liquid, it is exactly out of phase with the strain (δ=90° and ϕ=0°). For 
viscoelastic systems, the phase angle shift lies between these limiting cases and the measured 
sinusoidal stress is split into an elastic (τ') and a viscous (τ'') component. Thus the phase angles 
from the measured sinusoidal stresses are 0° < ϕ′ ≤ 45°  if the material displays elastic-like 
behavior, and 45° < ϕ′ ≤ 90° if the material displays viscous-like behavior. 
However, the following three parameters are more commonly used to describe material behavior 



















= 𝐺′ + 𝑖𝐺′′                    Equation 16 
where i = √−1 
The storage modulus G’ is the part of the modulus that is in phase with the strain and is a measure 
of the elastic energy stored during a cycle of deformation. The loss modulus G” is the part of the 
modulus that is out of phase with the strain and gives a measure of the energy dissipated in a cycle, 
which represents the viscous component. 
2.4. Experimental Tests Used to Determine Rheological Behavior of Laponite Suspensions 
2.4.1. Introduction 
There are many experimental tests that can be used to determine the rheological behavior of 
materials, including shear rheometry and scattering measurements. In the following paragraphs, a 
brief introduction of these tests is given. 
2.4.2. Shear Rheometry 
Shear rheometry consists of the application of shear to materials by means of a rheometer, an 
experimental device used to apply, control and measure stresses and strains independently of the 
rheological behavior of the materials being tested. Shear rheometry is generally divided into two 
groups: drag flow and pressure-driven flow. In a drag flow, the shear is generated by drag forces 
between a moving and a fixed solid surface. In a pressure-driven flow, the shear is generated by a 
pressure difference over a closed channel (Macosko, 1994). Drag flow is the method used in this 
research. 
2.4.2.1. Geometries Used in Shear Rheometry of Suspensions 
In this research, rheological tests were conducted using a Physica MCR 301 Rheometer. A detailed 







The cone and plate geometry is standard for most high performance rheometers. The schematic for 
the cone and plate is shown in Figure 8. It consists of a stationary base and a rotating cone. The 
sample is put between the plate and the cone and its rheological behavior can be measured by 
continuous rotation of the cone at selected velocities, shear stresses, strains or shear rates, 
depending on the type of the test. The cone and plate geometry is commonly used and was selected 
in this research to determine the rheological behavior of Laponite suspensions. 
 
Figure 8. Schematic diagram of cone and plate geometry (Julia et al., 2008) 
Other types of geometries also commonly used to conduct rheological tests are concentric cylinder 
and plate-plate geometries, as shown in Figure 9. The concentric cylinder is one of the most 
commonly used geometries to examine the viscoelastic and flow behaviors of suspensions. 
However, the concentric cylinder geometry is typically used for testing low viscosity fluids or 
dispersions because it has relatively large contact area compared to other geometries. The plate-
plate geometry is almost identical to the cone and plate geometry, except that the upper plate is flat. 
It can be used to conduct all standard rheological tests. However, it imposes non-uniform stresses 




































Figure 9. Schematic diagram of (a) concentric cylinder geometry and (b) plate-plate geometry (modified 
from Howayek et al., 2011) 
 
2.4.2.2. Typical Experimental Tests in Shear Rheometry of Suspensions 
There are a number of experimental tests that can be used to determine the rheological behavior of 
materials. Details are given for the two tests used in this research: controlled shear rate tests and 
amplitude sweep tests. 
2.4.2.2.1. Controlled Shear Rate (CSR) Test 
Controlled shear rate tests were employed in this research to measure the viscoelastic and flow 
behaviors of laponite suspensions over time. These tests consist of applying shear rate increments 
up to a limit value, and then applying shear rate decrements with the same values as the increments. 
CSR tests can be used to measure the shear stress (τ) and viscosity (η) to determine the viscoelastic 
behavior of the laponite suspensions with the increase of shear rate. CSR tests are used to provide 
the yield stress and the viscosity of the suspensions at different aging times. Generally shear stress 
τ versus shear rate γ is plotted in Cartesian coordinates. Figure 10 shows a typical example of a 
CSR tests conducted on 5% laponite RD modified with 4% RDS only at an aging period of 6.5 









Figure 10. CSR tests results on 5% laponite RD modified with 4% laponite RDS at 6.5 hours 
 
2.4.2.2.2. Amplitude Sweep (AS) Test 
Amplitude sweep tests, which are also commonly known as strain sweep tests, are used to 
investigate the linear and non-linear viscoelastic behavior of laponite suspensions by applying 
dynamic oscillatory shear strains over a range of values, at a selected frequency. The tests also help 
determine the stiffness and flow characteristics of materials subjected to the oscillatory loading and 
help determine the viscoelastic response of the material at different shear strains. 
In this research, the oscillatory frequency was selected as 1 Hz to prevent inertia effects and also 
to be able to simulate actual behavior during the life of a project (1 Hz is a typical frequency 
component of earthquakes). The decision is supported by the work by Geier (2004), who suggested 
values of the oscillatory frequency lower than 10 Hz to prevent inertia effects. Such effects could 







Amplitude sweep tests are used to measure the storage modulus (G’), loss modulus (G”), complex 
modulus (G*), phase angle (φ') and shear strain (γ); thus the tests can determine the viscoelastic 
behavior of laponite suspensions with shear strain. Generally G’, G” and φ' vs γ are plotted on a 
log-log scale. Figure 11 shows a typical example of an amplitude sweep test conducted on 5 % 
laponite RD modified with 4 % laponite RDS at 6 hours aging time. 
 
Figure 11. Amplitude sweep test (AS) results on 5 % laponite RD modified with 4 % laponite RDS at 6 
hours aging time 
Figure 11 illustrates that when the shear strain is small, the value of the storage modulus G’ is 
constant, indicating a linear viscoelastic behavior; this region is defined as the viscoelastic region 
(Markgraf et al., 2006). The initial phase angle in this region is very small (13.4°). Once the shear 
strain exceeds a critical value, the storage modulus G’ begins degrading and G” begins increasing, 
illustrating the non-linear viscoelastic behavior of the laponite suspensions. At a certain point, G’ 
is smaller than G”, indicating that the viscous behavior predominates over the solid behavior. The 
strain at which G’=G” is defined as the critical strain (γc) and is roughly defined as the strain 







liquid when G” is larger than G’. At the same time, the phase angle increases from 13.4° to 90°, 
indicating a transition from linear to non-linear behavior of the laponite suspensions. 
2.4.3. Scattering Measurements 
Scattering measurements can be used to identify gel formation and gel structure of the laponite 
suspensions. The technique includes transmission electron microscopy (TEM), osmotic pressure 
measurements and small-angle scattering techniques (SAXS, SANS, SLS and DLS). 
The main advantage of scattering measurements is that the structure of the colloidal suspension can 
be studied without disturbing the materials. However, these techniques fall outside the scope of the 
thesis. 
2.5. Rheological Control of Laponite Suspensions 
Because of its advantages, laponite is considered as an additive to grouts used to improve resistance 
to liquefaction of soils. As discussed in the previous section, a dilute dispersion of laponite in 
deionized water may remain a low viscosity dispersion for a long period of time. However, with 
the increase in the concentration of laponite, the viscosity of the suspension increases, which 
prevents the flow through the soil unless adequate pressure is provided. This is an interesting 
property that has merited further scrutiny. This section includes a summary of different ways and 
mechanisms to control the rheological behavior of laponite suspensions. 
2.5.1. Parameters that Affect Rheological Behavior of Laponite Suspensions 
Several published papers have explored the parameters that affect the rheological behavior of 
laponite suspensions, including laponite concentration (Ramsay, 1986, Levitz, 1988), ionic strength 
(Ramsay, 1986, Mourchid, 1985), pH of the solution (Mourchid, 1995, El Howayek et al., 2011) 
and temperature (Ramsay, 1986, Varun Awasthi et al., 2009). 
Laponite concentration affects the rheological behavior of laponite suspensions. As concentration 
increases, laponite crystals are forced into closer contact with each other and as a result the increase 
in viscosity occurs earlier. Figure 12 shows the storage modulus G’ with time of three laponite 







concentration of laponite results in a large increase in G’ at all ageing times, especially at early 
aging times (before 104 s). Also, the increasing rate of G’ is larger as the concentration is increased 
and equilibrium is reached earlier. 
 
Figure 12. Development of storage modulus G’ versus time with: (a) 3 %, (b) 5 %, (c) 7 % laponite at 298 
K (Ramsay, 1986) 
The gelation time of laponite suspensions could be affected by the ionic strength of the suspensions. 
In salt-free water, laponite particles are stabilized by strong mutual repulsion between the 
negatively charged faces caused by the double layer. However if the interactions are partially 
affected by the presence of the salt, the particles aggregate by the formation of electrostatic bounds 
between the positively charged rims and negatively charged faces, known as “house of cards” 
configuration (Olphen, 1977). Before the particles can bind they need to overcome an energy 
barrier caused by the electrostatic repulsion between the faces (Phillipe et al., 2004). The energy 
barrier decreases with the increase of ionic strength, which can be attained by increasing the 
concentration of added salt. This explains the increase of gelation rate with the increase of ionic 
strength. Mourchid (1995) performed rheological measurements on 2 % laponite suspensions under 







addition of salt led to an increase of the storage modulus G’. This was confirmed by El Howayek 
et al., 2011, who obtained the storage modulus for different ionic strengths of the suspension. Figure 
13 shows the storage modulus G’ for a 3 % laponite suspension treated with different amounts of 
NaCl (0, 10-4 M, 10-3 M and 10-2 M). The data show a significant increase in G’ with increasing 
ionic strength. This is because the increase in ionic strength leads to a decrease of the thickness of 
the double layer of the clay, which makes the laponite evolve from a relative weaker repulsive glass 
to a strong attractive gel. 
 
Figure 13. Development of storage modulus G’ versus time for 3 % laponite suspensions with different 
values of Ionic strength (Howayek et al., 2011) 
The value of pH also has a significant effect on the stability of laponite suspensions. This is so 
because the rim charge of laponite is affected by pH. According to Rockwood Additives Limited 
(2011), the typical pH value of laponite suspensions when dispersed in de-ionized water is 10. 
When the pH is larger than 11, the rim charge of the laponite crystal is neutralized (Tawari 2011). 
However, Thompson (1992) reported that if the pH of the laponite suspension decreases below 9, 









Figure 14. The influence of pH on the cation exchange capacity of laponite XLG (Thompson, 1992) 
The effect of temperature on the rheological behavior of laponite suspensions was postulated by 
Ramsay (1986). Figure 15 is a plot of the development of G’ for a 5 % laponite suspension with 
temperature. The figure shows that a small increase in temperature results in a pronounced increase 
in the rate of gelation, especially at early ageing times. The subsequent prolonged development of 
G’ furthermore makes the determination of an equilibrium value impractical at low temperature. 
However the final G’ reached at higher temperatures is very similar, which indicates that the 
temperature may not be the most important factor to determine G’ at long ageing times. In 2009, 
Varun Awasthi studied the effect of temperature on the aging behavior of laponite suspensions by 
carrying out creep and oscillatory tests and drew the same conclusion. They observed that, at higher 








Figure 15. Kinetic development of G’ for of a laponite dispersion of concentration 0.05 g ml/-1 at: (a) 289, 
(b) 293, (c) 299 and (d) 305 K (Ramsay, 1986) 
2.5.2. Modification of Laponite Suspensions 
Modification of laponite suspensions and other clay minerals has received quite a bit of attention 
because of the potential to altering the rheological behavior of target materials to meet desired 
requirements for applications such as cosmetics, paints, refractory varnish, etc. 
The rheological behavior of laponite suspensions can be modified by altering a number of 
parameters such as laponite concentration, ionic strength, pH and temperature, as discussed in the 
preceding section. 
Several mechanisms can be used to modify clays and clay minerals such as adsorption, ion 
exchange with inorganic and organic cations, binding of inorganic and organic anions, grafting of 
organic compounds, reaction with acids, pillaring by different types of poly cations, intraparticle 
and interparticle polymerization, dehydroxylation and calcination, delamination and reaggregation 
of smectites, and lyophilisation, ultra sound and plasma (Bergaya, 2011).  All these mechanisms 
fall into two key areas: weakening the initial gel structure and strengthening the overall structure 







2.5.2.1. Weakening the Initial Gel Structure of Laponite Suspensions 
It is possible to modify laponite to weaken its initial structure with the addition of certain 
compounds; for example, condensed phosphates and polymers, which are discussed in detail in the 
following sections. 
2.5.2.1.1. Using Condensed Phosphate in the Modification of Laponite Suspensions 
The addition of condensed phosphate is one of the common methods of reducing the aggregation 
rate of laponite suspensions. Sodium pyrophosphate (SPP) and tetrasodium pyrophosphate (TSPP) 
are two possibilities. When dispersed in water, the edge of the laponite crystal has a positive charge 
and the crystal surface has a negative charge. As the SPP or TSPP are added to the laponite 
suspensions, the pyrophosphate (P2O7)4- anions become associated with the positively charged 
edges of the laponite crystal, making the entire particle negatively charged. The crystal is 
subsequently surrounded by a layer of hydrated sodium ions, whose positive charges cause 
repulsion between the laponite crystals. As a result, the energy barrier that the laponite particles 
must overcome to form a “house of cards” configuration increases, and the aggregation rate of 
laponite suspensions is delayed. However, the pyrophosphate ions are unstable in the dispersion 




The charge density on the phosphate ion is too high to produce the sol stabilizing effect. The 
phosphate ions return into solution and the edges of the laponite crystals are free again. Interactions 
between laponite particles can occur between positively charged edges and negatively charged 
faces, resulting in an increase in viscosity. The effect of pyrophosphate on the rheological behavior 
of laponite suspensions was postulated by Philippe et al, 2004. As shown in Figure 16, the gel point 
(where G’ is equal to G”) occurs in a salt-free water after 2 hours. In the presence of 10 mM NaCl, 
G’ is larger than G” from the very beginning. However, in the presence of 10 mM pyrophosphate, 
gelation is not observed even after 2 weeks, indicating a significant decrease in the aggregation 








Figure 16. Evolution of the shear modulus of laponite dispersions with CL=25g/L in salt free water, in 10 
mM NaCl, and in 10 mM pyrophosphate (Open symbols G’, filled symbols G”) (Philippe et al., 2004) 
2.5.2.1.2. Using Polymer in the Modification of Laponite Suspensions 
The use of polymers is another way to alter the initial microstructure of laponite suspensions. The 
effects of water-soluble polymers on laponite dispersions depend on the polymer’s nature, 
concentration and molecular weight of the polymer chains. 
Polyethylene Oxide. A study conducted by Philippe et al., (2004) shows the influence of low 
molecular weight polyethylene oxide (PEO) on the aggregation and gelation of laponite dispersions. 
According to the authors, the aggregation rate of NaCl treated laponite dispersions decreases with 
increasing PEO concentration. When PEO is added to laponite dispersions, PEO chains are 
absorbed onto the surface of the laponite particles and inhibit their aggregation by steric hindrance 
-- which offers extra repulsive forces between PEO treated laponite particles that prevent rim-face 
junctions from happening. However, it was also observed in Philippe’s research that the addition 
of very-high-molar-mass PEO (Mw>1kg/mol) results in an increase in the viscosity. According to 







bridges, resulting in the formation of a PEO-Laponite clusters, which increase the aggregation of 
laponite suspensions. 
Sodium Polyacrylate. Work by Jordi et al. (2005) on laponite suspensions demonstrated that the 
addition of sodium polyacrylate reduces the viscosity of laponite dispersions, especially at low 
shear rates. This is because sodium polyacrylate increases the laponite interparticle steric barrier, 
which, together with the electrostatic repulsive forces acting between laponite particles, decrease 
the viscosity and aggregation process of the laponite dispersions. However, the equilibrium 
viscosity decreases until the sodium polyacrylate is 0.5 % and increases with polymer concentration. 
The same phenomenon was observed in Labanda’s research in 2004, as is shown in Figure 17. 
From the figure, it is clear that the dispersion, in the absence of sodium polyacrylate, is a 
viscoelastic gel because G’ is weakly dependent on frequency and is larger than G”. In the presence 
of 0.1% of sodium polyacrylate, G’ and G” decrease significantly and show the same power law 
dependence with frequency, indicating a viscoelastic liquid behavior. The viscoelastic gel behavior 








Figure 17. Evolution of G’ (filled symbols) and G” (open symbols) with frequency for a dispersion formed 
by 1.8% of laponite and 5*10-3 M o NaCl at different sodium polyacrylate concentrations (Labanda et al., 
2004) 
2.5.2.2. Strengthening the Structure of Laponite Suspensions. 
Chemical additives such as electrolytes (simple salts), acids, surface active agents, and polymers, 
when included in laponite suspensions, interact with laponite particles and change the rheological 
properties. 
2.5.2.2.1. Using Salts for the Strengthening of the Structure of Laponite Suspensions 
The addition of salts or simple electrolytes is one of the common ways of altering the initial 
microstructure of laponite suspensions. Studies conducted by Philippe (2004) and Howayek et al., 
(2011) indicate that the addition of NaCl into laponite suspensions greatly affects the initial 
microstructure of the suspension. Both studies concluded that NaCl-treated laponite suspensions 
show an increase in strength. This is because the increase in ionic strength leads to a decrease of 
the thickness of the double layer of the clay, which increases the strength of the edge to face 







2.5.2.2.2. Using Acids for the Strengthening of the Structure of Laponite Suspensions 
Acids can be used to control the rheological behavior of laponite suspensions. According to the 
work by Muxian Shen et al., (2014), the addition of poly acrylic acids (PAA) to laponite XLG 
significantly affects the viscosity of laponite suspensions. In his research, PAA was added to the 
aqueous solutions of laponite XLG to obtain biocompatible nanocomposite hydrogels (NC gels). 
Figure 18 shows that the viscosity of 2% laponite XLG suspension increases with the increase of 
the concentration of PAA from 10% to 40%. By changing the neutralization degree of PAA, the 
rheological behavior of NC gels can be easily modified. The authors suggested that NC gels with 
tunable adhesion are ideal candidates for dental adhesives, wound dressing and tissue engineering. 
 
Figure 18. Development of viscosity versus shear rate for 2% laponite at different PAA concentrations 
(Muxian Shen et al., 2014) 
2.5.2.2.3. Using Surface Active Agents for the Strengthening of the Structure of Laponite 
Suspensions 
Surface active agents are widely used nowadays as additives to control the stability and rheological 







surface of the laponite particles, which induces steric stabilization or bridging flocculation. 
Gunister et al., (1994) investigated the rheological properties of Na-activated bentonite dispersions 
as a function of the concentration of BDTDACl, which is a cationic surfactant. Figure 19 shows 
the flow curves of 2 % Na-activated bentonite dispersions at different BDTDACl concentrations. 
A steady increase in viscosity is observed in the figure until the 5 mmol/L surfactant addition. 
However, at 10 mmol/L surfactant addition a clear decrease in viscosity is observed. According to 
the authors, the adsorption of BDTDACl cations to the surface of clay particles results in a bridge 
action of BDTDACl chains between clay particles in low BDTDACl concentrations, which causes 
an increase in the viscosity up to a maximum, as is shown in Figure 20 (b). At higher BDTDACl 
adsorption, the surface is recharged, and a repulsive potential is created between the double layers 
around the particles, which leads to a decrease in viscosity (Figure 20 (c)). 
 
Figure 19. The changes of flow curves of Na-activated bentonite dispersions at different concentration of 








Figure 20. Modes of interaction between Na-activated bentonite particles at different concentrations of 
BDTDACl surfactant (modified from Lagaly 1989) 
2.5.2.2.4. Using Polymer for the Strengthening of the Structure of Clay Suspensions 
As discussed in Section 2.5.2.1.2, the addition of polymers affects the laponite dispersions 
differently, which is dependent upon the polymer’s nature, concentration and molecular weight of 
polymer chains. Carboxymethyl cellulose, an anionic polymer which is known as CMC, is highly 
effective in increasing the viscosity of the clay suspensions under neutral and alkaline conditions 
(Akther et al., 2008). Because of this property, CMC is widely used in the oil-drilling industry as 

















In order to investigate the time-dependent rheological behavior of laponite RD suspensions 
modified by laponite RDS and sodium pyrophosphate (SPP), controlled shear rate tests (CSR) and 
amplitude sweep tests (AS) were conducted in this research on these suspensions. This chapter 
presents an overview of the materials, equipment and testing program. 
3.2. Materials and Specimen Preparation 
3.2.1. Description of Materials 
All suspensions examined in this research were prepared using de-ionized water obtained from the 
de-ionized water system in the geotechnical laboratory in the School of Civil Engineering at Purdue 
University. The three grades of filter systems remove all ionized constituents except free CO2 and 
silica from the tap water (Cole-Parmer Instrument Company, 2013). The de-ionized water was 
selected for quality control purposes, as it is widely established that even small variations of the 
electrolyte concentration of the mixing water can significantly impact the structure and the resulting 
flow properties of clay suspensions. In the case of laponite, this influence has been documented, 
for example, in the work conducted by Mourchid et al. (1995) and EI Howayek et al. (2011), as 
was discussed in Chapter 2. By selecting de-ionized water, the influence can be eliminated so that 
the only variables controlling the rheological response of the laponite suspensions are aging time 
and the proportions of RD, RDS and SPP.  
Laponite RD used in this research is manufactured by Rockwood Additives Limited. It was 
provided to Purdue University’s geotechnical laboratory in plastic shipment bags (60 lbs) in 2009. 







Laponite RDS used in this research was purchased from Southern Clay Products, Inc. in 2011. It 
was delivered in powder form in a HDPE containers. The average water content of the raw laponite 
RDS powder is 8.3%. 
Sodium Pyrophosphate (SPP), a decahydrate, with molecular formula Na4P2O7.10H2O, was 
obtained from the Sigma Company. It was delivered in powder from in a HDPE bottle (500g) in 
2013. Its average water content (including the water of hydration) is 67.7%. 
In this research special care was placed in storing the raw powder of laponite RD, laponite RDS 
and SPP. These raw materials were carefully stored in 250 ml sealed white plastic containers which 
were placed in a storage room at room temperature (i.e. 23℃). A sealed 500 mL wash bottle stored 
the de-ionized water after it was collected from the geotechnical laboratory. 
3.2.2. Sample Preparation 
Two types of laponite-water suspensions were examined in this research: a) suspensions in which 
laponite RD and RDS were combined and mixed with water, and b) laponite RD suspensions 
modified through the addition of sodium pyrophosphate (SPP) to the mixing water. All suspensions 
were prepared using a Hamilton Beach Model 33 mixer, equipped with a 355 ml mixing cup. 
3.2.2.1. Preparation of Laponite RD suspensions modified by RDS 
The preparation of the RDS-RD suspensions was based on the targeted percentages of RD and 
RDS by mass of water at 25℃. Throughout this research the following procedure was used to 
prepare all RDS-RD suspensions: 
1. Determine the correct amounts of RD, RDS and de-ionized water. These amounts account for 
the water already present in the RD and RDS powders. For example, to obtain a 5%RD-5%RDS 
suspension with 200 g of water, the following are mixed: 10.70g of laponite RD (which 
contains 0.7 g of water), 10.83 g of laponite RDS (which contains 0.83 g of water) and 198.47 
g of water (which, with the 0.70 g and 0.83 g that derive from the laponite, adds up to 200 g). 








3. Accurately weight the amount of RD and RDS powder on a weighing paper and then pour the 
powder into the mixing cup. 
4. Place the cup into the Hamilton Beach mixer and mix for 2 minutes. 
5. After 2 minutes, turn the mixer off and use a spatula to remove the material stuck to the sides 
and the bottom of the cup. 
6. Incorporate this material into the suspension, and use the Hamilton Beach mixer to mix the 
suspension for 2 additional minutes. 
7. Pour the laponite suspension into a 250 ml HDPE container and seal the container until testing. 
3.2.2.2. Preparation of Laponite RD Suspensions Modified by SPP 
The preparation of the SPP-RD suspensions was based on the targeted percentage of SPP powder 
by mass of laponite RD and the percentage of RD by mass of water at 25℃. The same procedure 
outlined above for the preparation of RD-RDS suspensions was employed to prepare the RD-SPP 
suspensions. For example, to obtain a 5%RD-5%SPP suspensions with 200g of water, the following 
are mixed: 10.70g of laponite RD (which contains 0.70g of water), 0.54g of SPP (which contains 
0.22g of water) and 199.08g of de-ionized water (which, with the 0.70g and 0.22g that derive from 
the RD and SPP, adds up to 200g) 
3.3. Physica MCR 301 Rheometer 
The Physica MCR 301 Rheometer (Figure 21) was used for all rheological tests presented in this 
thesis. It is an air bearing, stress controlled device manufactured by the Anton Paar Company. Its 
dimensions are 62.1 cm × 48.5 cm × 60.3 cm (H × W × D). The rheometer is comprised of the 
following major elements: the measuring head, the measuring system, the display window & 
control panel, and a PC which controls the rheometer through the windows based RheoplusTM 
software. 
The measuring head is equipped with: an air bearing-supported synchronous motor which can apply 







resolution optical encoder, which measures rotation and rotation rate with a minimum angular 
deflection of 0.1μrad with 0.01μrad resolution. 
The measuring system includes: a quick-fitting coupling, through which different systems can be 
connected to the driving system; a Peltier hood, which can be used to insulate the environment to 
limit evaporation and control the temperature (in combination with Peltier temperature control 
element—see below); and a measuring cell to which the lower part of the measuring system is 
connected. The measuring cell also houses the Peltier temperature control element, which, if 
necessary, controls the temperature of the specimen.  
The display window is used to monitor some key parameters (i.e. temperature, position of the 
measuring head, stress, testing status, etc.). The control panel can be used to control the position of 
the measuring head. However, during testing the rheometer operates under computer control 
through the Reoplus software system (in which the user can input the desired testing conditions). 
This Reoplus software also computes and stores the results of the tests. 
 
Figure 21. Anton Paar Physica MCR 301 Rheometer (EI Howayek et al., 2011) 
Figure 22 shows the geometry that is used in this research to conduct rheological tests on colloidal 







this research displayed rheological behavior that varied from Newtonian at early aging times to 
solid-like and thixotropic, at later aging times. Taking this into consideration, the cone-plate 
geometry was selected for all tests in this research. 
In the cone-plat geometry, the sample is placed between the cone and the plate, with the upper part 
of the geometry rotating, while the bottom one remains stationary. The specific con-plate geometry 
used in this research has a diameter of 50 mm, with cone angle of 1° and truncation height of 
46μm, as is shown in Figure 22. 
 
Figure 22. Schematic diagram of cone-plate geometry 
3.4. Testing Procedures 
3.4.1. Sample Loading Procedures 
Sample loading and trimming procedures can impact the rheological response of soft materials. 
Thus these operations were carefully standardized in this research project. The following is a list 
of the main steps required to set-up a sample. 
1. Make sure the air pressure that is fed to the rheometer reaches 80-psig; this is required to ensure 
that the air bearing-supported synchronous motor is not damaged. 
2. Turn on the rheometer and launch the Rheoplus software. Once “initialization” is selected, the 







check the gap and rotor sensors. 
3. After the initialization is complete, switch on the circulating water. By pumping the water in 
the Peltier temperature control element the temperature can be controlled during testing. In this 
research the tests were conducted at 25 ℃ . Approximately five minutes are required for 
equilibration of this temperature. 
4. Connect the stationary base plate of the cone-plate geometry to the measuring cell and the 
rotation cone to the measuring head. The cone-plate geometry will be automatically detected 
by the software. 
5. Select the “Set Zero Gap” option in the control panel window. This will automatically lower 
the cone until it touches the stationary base plate. This represents the reference position, which 
is used to define the measuring position during testing. 
6. Select the “Lift Position” option in the control panel window to raise the measuring head of the 
rheometer to the top position at 140 mm. At this time the rheometer is ready for loading the 
samples. 
7. Use a spatula to obtain a sample of the suspension from the storage container and place it on 
the base plate. 
8. Select the “Measurement Position” option in the control panel window. The cone will first be 
lowered to the trimming height (0.056 mm), so that the material that has been squeezed out of 
the rim of the cone can be trimmed with a spatula. The cone is then lowered to the measuring 
position (0.046 mm), where it is maintained over the duration of the test. 
9. Lower the Peltier hood to the lowest position to insulate the environment. Approximately three 
minutes are needed for the calibration of the position of the cone and loading/trimming process. 
10. Start the test by pressing the “Start the Test” button in the control panel window. 
3.4.2. Testing Program 
Two types of tests were conducted in this research on all the laponite suspensions: controlled shear 







the yield stress, while the AS tests were used to measure the storage modulus, loss modulus and 
phase angle as a function of shear strain. This section briefly summarizes the procedures used to 
conduct these tests. The testing program is summarized in Table 3. 
3.4.2.1. Controlled Shear Rate Tests 
Controlled shear rate tests (CSR) were employed in this research to measure the viscoelastic and 
flow behavior of the laponite suspensions over time. For this test, the rheometer was programmed 
to increase the shear rate linearly from 1 to 1000 sec-1 within 2.5 minutes, and then decrease the 
shear rate back to 1 sec-1 within another 2.5 minutes. The data were collected every 15 seconds, 
and values of the shear stress and viscosity as a function of shear rate were collected. 
Figure 23 shows examples of flow curves obtained from CSR tests. The data show pertain to tests 
conducted on a suspension prepared with 9% laponite RD and 7% SPP (by mass of the laponite) at 
aging times of 4.5 hours (Figure 23(a)) and 21.5 hours (Figure 23(b)). Both suspensions display a 
yield stress (22.1 Pa at 4.5 hours and 137 Pa at 21.5 hours), which is an indication of a gel state, 
and subsequent shear thinning behavior.   
 
(a)                                    (b) 
Figure 23. Typical output of CSR tests on 9% laponite RD and 7% SPP at different aging times: (a) 4.5 







3.4.2.2. Amplitude Sweep Tests 
Amplitude sweep (AS) tests were used to measure the storage modulus (G'), loss modulus (G"), 
and phase angle (ϕ) with increasing shear strain. In this research AS tests were conducted following 
a 3 minutes rest period during which a small oscillatory shear strain of constant amplitude was 
applied at a frequency of 1 Hz. For the majority of the suspensions examined in this research a 
shear strain amplitude of 0.1% was selected. This value was found from preliminary tests to fall 
within the linear viscoelastic range of the material (EI Howayek et al., 2011). For select suspensions 
(with aging of less than 1-2 hours) the shear strain used during this stage was increased to 1%, 
because the resulting shear stress was too small to be reliably measured by the rheometer. This rest 
period was introduced to minimize the effects of the disturbance associated with sample preparation 
and trimming on the properties measured in the amplitude sweep test. This stage also provides the 
opportunity to monitor changes in the properties of the suspension immediately following sample 
preparation as values of storage modulus and loss modulus can be derived from the measurements 
as a function of time. After the rest stage was completed, the actual strain amplitude was performed 
by increasing the shear strain amplitude from 0.1% to 200% at the same constant oscillatory 
frequency of 1 Hz over a period of 4 minutes. During this time data were collected every 10 seconds, 
and values of the storage modulus (G'), loss modulus (G") and phase angle (ϕ) as a function of 
shear strain were derived.  
Figure 24 shows examples of the output of an amplitude sweep test. The particular tests shown was 
conducted on a suspension prepared with 9% laponite RD and 7% SPP with aging times of 4.5 
(Figure 24(a)) and 19.5 (Figure 24(b)) hours. The data shown in Figure 24(a) is characteristic of a 
material that behaves like a sol: for shear strains than a certain threshold (8-10% for the test shown) 
G’ is constant and smaller than G”, and the phase angle exceeds 45°.  This response is typically 
observed in tests conducted at early aging times, before the suspensions can gel. As the shear strain 
increases both G’ and G” decrease, while the phase angle increases, indicating that the response of 
the material is increasingly controlled by the viscous component of the behavior.  
A region of essentially constant values of G’ and G”, termed the linear viscoelastic region (LVE) 
is observed also in Figure 24 (b). In this case, however, in the LVE region G’ is larger than G”, and 
the phase angle is smaller than 45° (16.4° for the test shown). This behavior is typical of a 







With increasing shear strain, G’ continuously decreases, while G” first slightly increases and then 
decreases. As a result of these changes in the two moduli, the phase angle continuously increases. 
Once G” exceeds G’ (in correspondence to what is referred to as the cross-over shear strain) viscous 
behavior again controls the sample’s response.  
G’ and G” data derived from the LVE was used in this research to track changes in the structure 
and response of the suspensions examined as a function of aging time.  An example of the curves 
derived is shown in Figure 25 which presents the variation in G’ versus aging time for a 9% laponite 
RD suspensions with 7% SPP (by mass of the clay). Further discussion on the development of G’ 
with time is presented in Chapter 4. 
 
(a)                                       (b) 
Figure 24. Typical output of AS tests on 9% laponite RD and 7% SPP at different aging times: (a) 4.5 








Figure 25. Evolution of the storage modulus vs. aging time for 9% RD and 7% SPP suspensions 
Table 3 summarizes the testing program. It shows that three types of suspensions were investigated: 
suspensions made from laponite RD alone (sample 3, 4 and 6), suspensions with laponite RD and 
laponite RDS (samples 8-18), and suspensions of laponite RDS modified through the addition of 
sodium pyrophosphate (SPP) (samples 19-34). Note that the samples were numbered 
chronologically based on the day at which they were mixed. The missing sample numbers reflect 
samples that used to learn how to operate the rheometer and that had too high viscosity at time zero 
to penetrate through the sand. For each sample, the table provides information on the composition 
of the suspension and on the aging times at which rheological tests were conducted. These times 
ranged from immediately after mixing, to after over 4 months. For all the samples, the first CSR 
test was performed immediately after mixing (i.e. t=0 in Table 3). Instead, the first AS test was 
performed 30 minutes after mixing due to the fact that the modulus of the suspension immediately 
after mixing was too small to be reliably measured by the rheometer (in fact, for some of the 
suspensions, this continues to be the case even after 30 minutes of aging time). Note that, based on 
tests on bentonite suspensions treated with SPP, Clarke et al. (2008) and J. Thundimadathil (2006) 
indicate the equilibrium conditions for the sorption of SPP on the clay are most likely not reached 









Table 3. Testing schedule for the CSR and AS tests 
 Sample 
# 







Minutes (0-60)[4] Hours (1-24) Days (1-14) Weeks (2- ) 
6 3.00    0  15  30  45  60 2  3  4.8  11  30 2.25  5  8 6  8 
3 3.10    0  15  30  60 2  4  7.6  20  24 1.3  2  3  4  7 - 
4 3.25    0  15  30  45  60 2  4  8  11  24 1.25  2  3  6 10 
8 3.00 1.50   0  10  15  30  60 2  3  4  6  8  9  11  24  2  3  7  14 5.5  9.5  21 
9 5.00 1.50   0  15  30  45  60 8  22  2  3  7  14 9.4  21 
10 5.00 3.00   0  20  40  60 2  3  4  15.6  22  3  7   2.4 
12 5.00 2.50   0  15  30  45  60 1.5  2  5.5  24  2  3  7  11 4.3  8.4 
13 5.00 4.00   0  15  30  45  60 2  3  5  6.5  9.5  24  2  4  9  16 6.1  8  15.3 
18 5.00 6.00   0  15  30  50  70 2  3  4  6  9.6  24  2  5  12  19 4.3  11.6  12.3  
16 6.00 3.00   0  15  30  60 2  6  8  21  2  3  8  15 4.7  14.3 
17 6.00 5.00   0  15  30  45  60 2  3  4  5  17  24  - - 
11 7.00 3.50   0  15  40  60 1.5  2  4.5  8  11  24  2  3  7  11 4.3  8.4  18 
14 7.00 1.50   0  10 -  - - 
15 7.00 5.25   0  15  30  60 1.5  2  3  5.5  19  2  4  9  15 - 
19 3.00   7.83 0  15  40  80 3 - - 
20 5.00   7.83 0  15  40  60 2  3  14  20  24 2  3  5  7  14 10.3 
21 5.00   3.92 0  30   4  5.5  9  28 2  5  7  14 10.3  16 
31 6.50   5.00 0  15  30  60 1.5  2  3  4.25  10  25 2  3  5  8  16 - 
32 6.50   3.00 0  15  30  60 2  3.3  8  26 3  5  8  16 - 
33 6.50   1.00 0  15  30  60 4.6  10.6  24 2  4  7  16 - 
34 6.50   2.00 0  15  30  60 2  4.6  16  24.6 2  4  7  8  14 - 
25 7.50   5.00 0  15  30  60 1.5  2  3  6.5  19 2  3  7 8.3 


















Minutes (0-60)[4] Hours (1-24) Days (1-14) Weeks (2- ) 
23 8.00   3.92 0  15  45  60 2.3  3.5  5  7  2.7 2  5  7  14 10.1  16 
26 8.00   5.00 0  15  30  60 1.5  2  3  4.75  7.3  10  24 2  4  6  8 2.6  5 
24 9.00   5.00 0  15   - - - 
27 9.00  5.00 0  15  30  60 1.5  2  3.5  6  19.5 2  4  6  8 2.4  5 
28 9.00  7.00 0  15  30  45  70 2.5  3.5  4.5  7.3  21.5 2  4  7  14 4.3 
29 9.00  7.00 - 24 - - 
30 9.00  8.00 0  15  30  60 1.5  2.25  3  4.5  6  9  24 2  6  13 4 
[1]. the concentration of laponite RD is by mass of water. 
[2]. the concentration of laponite RDS is by mass of water. 
[3]. the concentration of SPP is by mass of laponite RD. 
















Chapter 2 provided background on the manufacture, structure, application and rheological 
properties of laponite suspensions and described chemical rheological modifiers of laponite 
suspensions. Chapter 3 presented the materials used for the experimental program, described 
the Physica MCR 301 rheometer used to conduct the experimental program, and provided a 
summary of both the sample preparation procedures and the testing methods used to conduct 
the constant rate of strain (CSR) and amplitude sweep (AS) tests. The primary goal of this 
chapter is to present and analyze the CSR and AS data obtained from testing laponite RD 
suspensions modified through the addition of laponite RDS and sodium pyrophosphate (SPP), 
and compare the observed properties to those of the unaltered laponite suspensions. The specific 
objectives of this analysis are to:  
1) illustrate how the use of RDS or SPP affects the initial rheology of the suspensions 
and the development over time of a gel structure; 
2)  quantify the changes in the viscoelastic and flow properties of laponite RD 
suspensions as a function of the proportions of laponite RD and RDS and the dosage 
of SPP;  
3)  measure the evolution in time of the viscoelastic properties of these modified 
suspensions; 
4)    demonstrate how through the use of laponite RDS and SPP it is possible to engineer 
the rheology of laponite RD suspensions to meet specific performance criteria. 
This chapter is organized as follows: Section 4.2 provides the reference rheological behavior 
of unaltered laponite suspensions; Section 4.3 focuses on the rheological behavior of laponite 
RD suspensions modified through the use of laponite RDS; Section 4.4 examines the data for 
SPP modified suspensions; finally, Section 4.5 compares the data for the two sets of 







4.2. Test Results on Laponite RD only Suspensions 
In order to have a better idea of how the addition of RDS and SPP influence the fluid and 
viscoelastic behavior of laponite suspensions, the rheological behavior of laponite only 
suspensions was investigated. The following two subsections present the results of CSR and 
AS tests conducted on 3% and 3.25% laponite suspensions. The data obtained for the 3% 
laponite suspension is used as reference in sections 4.3 and 4.4. 
4.2.1. CSR tests on Laponite RD Suspensions 
Figure 26 presents the flow curves for a 3% laponite RD suspension. The data presented pertain 
to CSR tests conducted following aging times of 15 minutes and 2 hours. The figures show that 
at 15 minutes the 3% laponite RD has almost Newtonian behavior, with the shear stress linearly 
increasing with the shear rate and a relatively constant value of viscosity. This indicates that 
the suspension is in form of sol. However, with time, at 2 hours the flow curve shows significant 
changes: the viscosity at any given shear rate increases, a great decrease of the viscosity with 
shear rate is observed, and the suspension exhibits a yield stress (8.8 Pa). This indicates that the 
structure is no longer that of a sol. 
Figure 27 shows the variation over time of the viscosity measured at 1000/s for 3% and 3.25% 
laponite suspensions. The figure shows that for each suspension from immediately after mixing 
(data plotted in correspondence to t=1.5 minutes) to after about 15 minutes, the viscosity is 
almost constant. Inspection of the flow curves indicates that the behavior is close to Newtonian, 
with the value of the viscosity increasing with the clay concentration from 7 mPa.s (3% RD) to 
13.2 mPa.s (3.25% RD). With time the suspension is no longer Newtonian (the point at which 
the suspension changes its behavior from Newtonian to non-Newtonian is identified with an 
arrow), and the viscosity increases rapidly. At any given time the suspension with higher 









 (a)                                      (b) 
Figure 26. Flow curve for 3% laponite suspension at (a) 15 minutes and (b) 2 hours 
 
Figure 27. Evolution of the viscosity vs. aging time for 3% and 3.25% laponite suspensions 
4.2.2. AS tests on Laponite RD Suspensions 
Figure 28 shows the results of AS tests conducted on 3% (Figures a-b) and 3.25% (Figures c-
d) laponite RD suspensions at different aging times (from 1 hour to 4 hours). For each 
suspension, the figure on the left show the variation of the storage and loss modulus with shear 







The plots show that for the aging times examined both suspensions are characterized by values 
of the storage modulus (G’) greater than those of the loss modulus (G”) for a relatively large 
range of shear strains. This is reflected in the low values of the phase angle and is an indication 
that at the times examined both suspensions have transitioned from a sol to a gel state. For both 
suspensions, a linear viscoelastic region (LVE) is observed where G’ and G” remain constant 
with increasing shear strain. With time, the following changes are observed: the phase angle 
decreases, indicating that the response of the suspension is becoming increasingly elastic and 
both the storage modulus and the loss modulus increase, reflecting the increased mechanical 
properties of the microstructure of the suspension. For example, for the 3% laponite RD 
suspension, the storage modulus increase with aging time from 34.1 Pa (1 hour) to 167 Pa (3 
hours), and the phase angle decrease from 13.7° to 4.7°. Similar behavior is observed for the 
3.25% laponite RD suspension. While the data in Figure 28 is limited to relatively short aging 
times, similar effects are observed as the aging time is extended. 
This is illustrated in Figure 29, which shows the evolution of the storage modulus within the 
linear viscoelastic region with time for the same two suspensions. This figure presents data for 
aging times as large as 2000-4000 hours (~80-160 days), and shows a continued increase in G’ 
with time for both suspensions. The figure suggests that at lower aging times (i.e. before 2 hours) 
both of the suspensions have relatively low value of G’, indicating that the suspensions behave 
like viscoelastic liquid or gel. At any time period, the increase in the concentration of RD leads 
to an increase in the storage modulus. The data shown also suggests that after 5-10 hours the 
increase in G’ per log cycle of time reaches a constant value, which is similar for both 
suspensions. 
 








 (c)                       (d) 
Figure 28. Storage modulus, loss modulus and phase angle as a function of shear strain for 3% and 
3.25% laponite RD suspensions at different aging times 
 
Figure 29. Storage modulus versus aging time for 3% and 3.25% laponite suspensions 
4.3. Test Results on Laponite RD Suspensions Modified with Laponite RDS 
Controlled shear rate tests (CSR) and amplitude sweep tests (AS) were conducted to investigate 
the rheological properties of laponite RD suspensions modified through the use of laponite RDS, 
used in addition or in partial replacement of laponite RD. Table 7 provides an overview of the 







4.3.1. CSR Tests on RD Suspensions Modified with RDS 
As discussed in Chapter 2 and 3, controlled shear rate tests (CSR) were used to identify the 
viscosity and approximate value of yield stress, and determine the flow behavior of the laponite 
suspensions examined in this research as a function of shear rate. The tests were conducted by 
linearly increasing the shear rate from 0 to 1000/s over a 2.5 minutes period, and then linearly 
decreasing the shear rate back to 0/s over a second 2.5 minutes stage. 
Figure 30 presents the results of CSR tests conducted on two of the suspensions examined: a 
5% laponite RD suspension modified through the addition of 2.5% laponite RDS (Figure a-b) 
and a 5% RD suspension modified adding 4% RDS (Figure c-d). The data presented pertain to 
CSR tests conducted over time, from immediately after mixing (0 hour) to after approximately 
5 hours. The figures on the left present the flow curves, while those on the right show the 
variation of viscosity with shear rate. The figures show that at early aging time (0 hour) both 
suspensions exhibit Newtonian or close to Newtonian behavior, with the shear stress linearly 
increasing with shear rate and an almost constant value of viscosity. Moreover, (see Table 7), 
at 0 hour the viscosity of both suspensions is approximately 7 times that of water (7.3 and 6.9 
mPa.s for the 5%RD + 2.5%RDS and the 5%RD + 4%RDS suspensions, respectively). With 
time, the following changes are observed: at any given shear rate the viscosity increases and 
the material begins to exhibit a yield stress, beyond which the viscosity is no longer constant, 
but instead, decreases with increasing shear rate. Differences between the two suspensions are 
observed in terms of the period over which the response remains Newtonian and the rheological 
properties (viscosity and yield stress). It is found that for the same amount of laponite RD clay, 
a higher dosage of RDS translates into: a greater duration of Newtonian behavior (about 3 hours 
with the addition of 4% RDS versus about 2 hours with the addition of 2.5% RDS), and lower 
viscosity and yield stress at any given time. For example, comparing the data after 5 hours, it 
is found that for the 5%RD + 4%RDS suspension the yield stress is 18.3 Pa and the viscosity 
at 1000/s is 79.7 mPa.s. These values increases to 61.3 Pa and 102 mPa.s for the 5%RD + 2.5% 
RDS suspension. This is somewhat counterintuitive as the total dosage of clay decreases; it 
suggests that at least at these relatively early ages the response is controlled by the presence of 
the additive contained in the RDS clay (its dosage increases as the amount of RDS added to the 








(a)                                    (b) 
 
 (c)                                    (d) 
Figure 30. Shear stress and viscosity as a function of shear rate for a 5% laponite RD suspension 
modified through the addition of: (a-b) 2.5% and (c-d) 4% laponite RDS 
Similar behavioral trends are observed for all other RD-RDS suspensions. The only difference 
lies in the fact that with the increase of RD concentration from 5% to 7%, the effect of the RDS 
on the rheological behavior of laponite suspensions decreases and the material no longer 
exhibits Newtonian behavior at early aging time. Figure 31 presents the results of CSR tests 
conducted at 15 minutes on two of the suspensions examined: 7%RD + 3.5%RDS and 7%RD 
+ 5.25%RDS. The figures indicate that even at early aging times the suspensions exhibit non-
Newtonian behavior: the shear stress and viscosity is not linear with the shear rate and there 
exists a yield stress. Referring to Table 7, at 15 minutes the viscosity (at a shear rate equal to 







and the yield stress of these two suspensions is 10.0 Pa (3.5%RDS) and 0.77 Pa (5.25%RDS), 
respectively. 
 
(a)                                    (b) 
Figure 31. Shear stress and viscosity as a function of shear rate for a 7% laponite RD suspension 
modified through the addition of: (a) 3.5% and (b) 5.25% RDS 
The relationship between the viscosity and time for different proportions of RD and RDS clay 
will be discussed in detail in the following paragraphs. One thing to be noted is that the viscosity 
measured at a shear rate equal to 1000/s is chosen to represent the viscosity at a given time. 
This is because this value is considered representative of that which would be mobilized during 
an injection process (which involves high shear rates) that is required to introduce the laponite 
suspension into sand or other porous materials. 
Figure 32 shows the evolution of the viscosity at 1000/s with aging time for 5% RD plus 4% 
RDS suspensions. The figure illustrates the key parameters that are used to compare the 
evolution of the viscosity of different suspensions: three values of the viscosity( 𝜂0,  𝜂𝑛 𝑎𝑛𝑑 𝜂𝑓) 
and two values of the time (t1 and t2). 𝜂0 is the value of the viscosity measured at time zero 
(equal to 7.0 mPa.s  for the suspension shown); t1 is defined as the time at which the suspension 
changes its behavior form Newtonian to non-Newtonian (t1 = 180 minutes for the suspension 
in Figure 32);  𝜂𝑛 (41.5 mPa.s for the suspension shown) is the value of the viscosity measured 
in correspondence to t1; t2 is the time at which the viscosity reaches a steady state value; and 
 𝜂𝑓 is the average value of viscosity past t2. For the suspension depicted in Figure 32, 𝜂𝑓= 246 
mPa.s, and t2 =13,111 minutes (~9 days). The curve encompasses three “stages:” in the first the 
behavior is that typical of a Newtonian liquid; in the second stage, the viscosity increases 







the viscosity reaches a plateau, and does not appear to increase further with additional aging 
time.  
As shown later in this chapter, for most of the RDS treated laponite suspensions the increase in 
viscosity with aging time follows an “S”-shape curve as that shown in Figure 32. 
 
Figure 32. Example of curve of viscosity vs. aging time for laponite suspensions (5% RD plus 4% RDS 
suspension) 
A more complete picture of the effects of the addition of RDS to a laponite RD suspension is 
provided by the plots presented in Figure 33. The figure presents the results of CSR tests 
conducted on 5% laponite RD suspensions modified through the addition of 1.5%, 2.5% and 
4% RDS. The data presented pertain to CSR tests conducted at different agings: (a) ~15 minutes, 
(b) 30 minutes, (c) 2 hours and (d) ~24 hours. The results for the early aging times (Figure a-c) 
are consistent with the observations made above. In particular, it is found that the suspension 
with the lowest addition of RDS (1.5%) shows non-Newtonian behavior as early as 15 minutes 
after mixing. 
Figure 33 (d) shows that after about 24 hours of aging the effect of the RDS is reversed in that 







viscosity. This trend is extends to longer aging periods. For example, referring to Table 7, at 7 
days of aging the viscosity increases with the concentration of RDS from 142 mPa.s (1.5% 
RDS) to 186 mPa.s (2.5% RDS) and 245 mPa.s (4% RDS), and the yield stress also increases 
from 155 Pa to179 Pa and 231 Pa. 
  
                   (a)                                   (b) 
   
 (c)                                   (d) 
Figure 33. Flow curves for 5% laponite suspension modified with 1.5%, 2.5% and 4% RDS at different 
aging times: (a) 15 minutes, (b) 30 minutes, (c) 2 hours and (d) 24 hours 
Figure 34 summarizes the values of viscosity measured in each CSR tests at a shear rate of 
1000/s as a function of aging time (on a logarithmic scale). The data pertain to two series of 
tests: the first conducted on 5%RD suspensions modified through the addition of 1.5%, 2.5%, 
3% and 4% RDS, and the second conducted on 7%RD suspensions with 3.5% and 5.25% RDS. 
The data obtained for 3% laponite RD suspension tested at 25℃ (line with triangular points) 







Figure 34 shows that all viscosity versus time curves have the same “S” shape, encompassing 
three “stages”. As is discussed in section 3.4, in the first stage the viscosity has a nearly constant 
value. The suspension remains in this state for a period t1 which is as large as 3 hours, depending 
on the proportions of RD and RDS. In the second stage, the viscosity increases sharply, 
reflecting the sol-to-gel transition that is occurring in the suspension. Finally, in the third stage, 
which commences after 3,000 (2 days) -10,000 minutes (1 week) (again, depending on the 
suspension), the viscosity reaches a plateau, in which the response is independent of time, 
indicating that the suspension has reached a steady state in terms of mechanical properties and 
degree of structuring. 
It is of interest to compare the curves presented in Figure 34 for suspensions prepared with the 
same percentage of laponite RD while increasing the amount of laponite RDS, and draw 
conclusions on the effect of the addition of RDS on the three stages identified in the curves of 
viscosity versus time. For example, considering the 7% RD suspensions with 3.5% and 5.25% 
RDS, it is found that an increase in laponite RDS causes a reduction in the viscosity at early 
aging times, an extension of stage 1 (i.e. increases t1), a more rapid increase in viscosity in the 
second stage (as reflected in the slope of the S-curve), and an increase in the viscosity measured 
at “steady state”. The same trend is observed in the data for 5% RD suspensions prepared with 
1.5%, 2.5%, 3% and 4% RDS. With 2.5-4%% RDS it is possible to maintain relatively low 
values of the viscosity for an hour or longer.  
The transition between Newtonian and non-Newtonian behavior (i.e. time t1) is identified in 
Figure 34 with an arrow. Note that for the 7%RD suspension with 3.5% RDS, due to the high 
clay dosage, the suspension exhibit non-Newtonian behavior from the first set of measurements 
conducted at 1.5 minutes. On the other hand, for the 5% RD suspensions modified with the 
addition of different amounts of RDS, increasing the amount of RDS will delay the transition 
time of the suspension form Newtonian to non-Newtonian from 18 minutes (1.5% RDS) to 115 
minutes (2.5% RDS), 134 minutes (3% RDS) and 180 minutes (4% RDS).  
The slope of what was identified above as the second stage of the viscosity versus time curve, 
in which the viscosity increase sharply, is also dependent on the proportions of RD and RDS: 
the higher the concentration of RDS, the larger the slope. For all the viscosity-time curves the 







𝜂 = 𝑎 𝑙𝑜𝑔(𝑡) + 𝑏                        Equation 17 
In this equation “a” is the slope of the curve, the product a × log(t) is the change in viscosity 
over one log cycle of aging time. This equation is applied in all curves to best-fit the experiment 
data points in the second stage (i.e. before entering the third stage) so that the r2 is at least 0.95. 
Table 4 summarizes the parameters (a and b) derived for each of the suspensions examined 
from this fitting procedure. As expected based on the observation of the trends depicted in 
Figure 35, for a given dosage of laponite RD, the value of “a” increase with increasing RDS 
dosage (e.g. for the 5% laponite RD suspensions it goes from ~49 (1.5% RDS) to ~70 (2.5% 
RDS), ~87 (3% RDS) and ~109 (4% RDS)). 
Table 4. Summary of the parameters used to fit data in stage 2 with Equation 17 
S-# RD% RDS% a b r2 
8 3 1.5 42.96 -105.72 0.9871 
9 5.0 1.5 49.21 -28.42 0.9875 
12 5.0 2.5 70.23 -78.95 0.9545 
10 5.0 3.0 86.92 -124.98 0.9614 
13 5.0 4.0 108.90 -186.32 0.9644 
16 6 3 92.816 -73.61 0.9622 
11 7.0 3.5 115.52 -34.51 0.9736 
15 7.0 5.25 186.44 -178.65 0.9883 
 
The average value of the viscosity in the third stage is defined as the final viscosity 𝜂𝑓 of the 
suspension. Referring to Table 7, the value of 𝜂𝑓 of 5% laponite RD suspensions increases 
with the concentration of RDS from 153.5 mPa.s (1.5% RDS) to 188.8 mPa.s (2.5% RDS), 
204.3 mPa.s (3% RDS) and 250.0 mPa.s (4% RDS). This indicates that at sufficiently large 
aging times, the flow behavior of the suspension is controlled by the total amount of clay (RD 








Figure 34. Evolution of the viscosity with aging time for suspensions with different RD/RDS 
concentrations (The arrows identify the transition from the first to the second stage of the curve) 
The discussion so far has focused on suspensions prepared with equal concentration of laponite 
RD (5% or 7%, depending on the series examined), varying the amount of laponite RDS added. 
Figure 35 shows the flow curves for suspensions prepared increasing the total percentage of 
laponite (RD plus RDS) from 4.5% to 10.5%, maintaining constant the ratio of laponite RD to 
laponite RDS (2:1). The data presented pertain to CSR tests conducted at different aging times: 
(a) ~15 minutes, (b) 60 minutes, (c) ~120 minutes and (d) ~24 hours. The figures highlight the 
influence of the total percentage of laponite, showing, for example, how the transition from 
Newtonian to non-Newtonian behavior occurs at an aging time that decreases with increasing 
clay content, going from about 1 day for the suspension with 4.5% laponite, to 2 hours (7.5% 
laponite), to 1 hour (9% laponite) to less than 15 minutes (10.5% laponite). Figure 36 
summarizes the values of viscosity measured at 1000/s versus time (on a logarithmic scale) 
derived from these flow curves, as well as from additional tests performed on these suspensions 
at greater aging times (up to a couple of months). As described above, for each of the 
suspensions, the data all on a S-shape, and an arrow is used to identify the time (t1) 








(a)                                     (b) 
  
 (c)                                    (d) 
Figure 35. Flow curves for 4.5% to 10% laponite suspensions (RD:RDS=2:1) at different aging times: 
(a) 15 minutes, (b) 60 minutes, (c) 120 minutes and (d) 24 hours.  
Figure 36 also shows that at any given aging time the viscosity increases with the amount of 
clay present. Also increasing with clay content is the rate of increase in viscosity with log cycle 
of time. Again, these data are fitted using the expression in Equation 17. Table 4 summarizes 
the fitting parameters and shows that parameter “a”, which quantifies the slope of the curve, 
increases from ~43 to ~70, ~93 and ~116 as the total amount of laponite goes from 4.5% to 
7.5%, 9% and 10.5%, respectively. It is also observed from the figure that the final steady state 
value of the viscosity increases with total laponite concentration. As shown.in Figure 37, this 
final value of the viscosity actually increases linearly with clay concentration, with an increase 








Figure 36. Evolution of the viscosity with aging time for laponite suspensions prepared with a 2:1 RD 








Figure 37. Steady state viscosity (f) versus total amount of RD and RDS (suspensions with 
RD:RDS=2:1) 
4.3.2. AS Tests on RD Suspensions Modified with RDS 
As discussed in Chapter 3, amplitude sweet tests (AS) were used in this research to study the 
viscoelastic behavior of laponite suspensions. They were performed by increasing the shear 
strain amplitude from 0.1% to 200% over a 4 minutes period at a constant oscillatory frequency 
of 1 Hz (in some cases the minimum shear strain was set to 1% in order to avoid error in the 
data caused by the corresponding shear stress being lower than the minimum value measured 
by the rheometer) to derive the variation of storage modulus (G’), loss modulus (G”) and phase 
angle (ϕ) with shear strain. 
Figure 38 shows the results of AS tests conducted on two of the suspensions examined: a 5% 
laponite RD suspension modified through the addition of 2.5% laponite RDS (Figures a-b) and 
a 5% RD suspension with 4% RDS (Figure c-d). The data presented pertain to AS tests 







development of G’ and G” with shear strain, while the figures on the right show the variation 
of ϕ with shear strain.  
For both suspensions the data show the existence of a LVE region, where both G’ and G” are 
constant. As seen in Figure 38 (c-d), for the suspension with 4% RDS, in the first set of 
measurements at 5.3 hours the value of G” measured in the LVE region exceeds G’. This is 
reflected in a value of the phase angle of over 55°, and indicates that the viscous component 
dominates the response. This is characteristics of a material in the sol state. With time, the 
behavior changes from that typical of a viscoelastic liquid to that characteristic of a viscoelastic 
solid. For the 4% RDS suspension this transition has occurred at 6.3 hours when G’ and G” 
attain the same value and ϕ is equal to 45°. At later times G’ exceeds G”, and ϕ continues 
to decrease, reaching a value of ~ 30° and 13° at 9.8 hours and 1 day, respectively. At these 
times, the elastic component of behavior controls the response of the material, indicating the 
formation of a gel. A similar behavior is observed for the 5% RD laponite suspension modified 
with 2.5% RDS (see Table 7). In this case, however the sol to gel transition time is reduced, 
occurring sometime between 2 (when ϕ= 53°) and 6 hours (when ϕ= 18°).  
Similar behavioral trends are observed also in the data for the other RD-RDS suspensions, as 
shown in Table 7, which summarizes key rheological parameters for all the tests conducted. 
  








(c)            (d) 
Figure 38. Results of amplitude sweep tests conducted over time on 5% laponite RD suspensions 
modified through the addition of: (a-b) 2.5% and (c-d) 4% laponite RDS. 
The same data presented in Figure 38(c-d), along with results for additional suspensions with 
5% laponite RD, are shown in Figure 39. This figure includes graphs of G’ and phase angle 
versus shear strain obtained from AS conducted at different aging times: ~70 minutes (Figures 
a-b), 2-3 hours (Figure c-d), 6-8.5 hours (Figures e-f), 14-16 days (Figures g-h), and ~ 2months 
(Figures i-j), and highlights the influence of the concentration of RDS on the suspensions’ 
response and microstructure at a given aging time. Specifically, the data at early aging times 
(Figures a-b) show that the suspension with larger concentration of RDS experiences a more 
severe weakening of the microstructure. For example, at ~70 minutes, G’ measured in the linear 
viscoelastic region goes from 351 Pa to 0.35 Pa as the concentration of RDS is increased from 
1.5% to 2.5% (at this time the storage modulus of 5% RD+4% RDS suspension is too low to 
be accurately measured by the rheometer). Concurrently, the initial phase angle ϕ goes from 
10° to 72°, indicating that the addition of 4% RDS has transformed the suspension from gel to 
sol. With time, for all suspensions, the storage modulus increases and the phase angle decreases. 
However, the plots in Figure 39 (a-f) show that at least up to aging times of 6-8 hours, the 
storage modulus measured at any shear strain decreases with increasing dosage of RDS. 
Similarly, at any given shear strain the phase angle increases with increasing dosage of RDS 
(with the exception of the results at 6-8 hours, at shear strains exceeding ~ 30%). Compare for 
example the data from the LVE in Figure 39 (e-f); as the RDS concentration is increased from 
1.5% to 2.5% to 4%, G’ decreases from 1123 Pa to 416 Pa and 20 Pa, while the phase angle 
increases from 3.9° to 17.8° and 46°. This indicates that the “liquefying” additive present in 







this time the transition from sol to gel has been completed in the suspensions with 1.5% and 
2.5% RDS, and is on the verge of being completed in the 4% suspension.  
For aging times beyond 6-8 hours, the trends of increasing G and decreasing phase angle 
continue, and Figure 39 (g-h) shows that by ~ 15 days the values of G’ measured at any shear 
strain on the 4% RDS suspension exceed the corresponding measurements obtained on the 
suspensions with lower RDS%. This indicates that at this time the response of the suspension 
is controlled by the total amount of laponite clay (RD plus RDS) present.   
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(i)          (j) 
Figure 39. Storage modulus and phase angle as a function of shear strain for 5% laponite suspensions 
modified with 1.5%, 2.5% and 4% RDS at different aging times: (a-b) 70 minutes, (c-d) 2-3 hours, (e-f) 







Figure 40 summarizes the average values of storage modulus derived in the LVE region from 
all the AS tests conducted on RD-RDS suspensions. The data pertain to two series of tests: 5% 
RD suspensions modified through the addition of 1.5%, 2.5%, 3% and 4% RDS, and 7% RD 
suspensions with 3.5% and 5.25% RDS. The data obtained form 3% laponite RD suspension 
tested at 25℃ (line with triangular symbols) are also included for reference. The plots of this 
figure are in terms of storage modulus (Pa) versus time interval (minutes), both on a logarithmic 
scale. 
The figure shows that at early aging time the proportion of RDS plays a very important role in 
the breakdown of the microstructure of the suspensions. As already discussed above, an 
increase in the concentration of RDS leads to a reduction in the storage modulus (and an 
increase in the phase angle). For example, for the 5% RD suspensions, all suspensions except 
the one with 1.5% RDS exhibit sol-like behavior at 1 hour, with phase angle larger than 70° 
(see Table 7). At this aging time, the storage modulus of these suspensions is even lower than 
that of the 3% RD only suspension, indicating that the microstructure is severely broken down 
by the addition of RDS. Based on Figure 40 (see also Table 7), at 2 hours, for 5% RD 
suspensions, G’ decreases by at least one order of magnitude in Pa for every one percent 








Figure 40. Evolution of storage modulus with aging time for suspensions with different RD and RDS 
concentrations 
It can be observed from Figure 40 that after a certain time (~7-30 hours depending on the 
suspension), the storage modulus G’ of all suspensions increases with a relatively constant slope 
on the double logarithmic scale. The time at which this occurs increases with decreasing 
laponite RD content, and does appear to vary significantly with the dosage of RDS. Values of 
G’ measured at this time are typically larger than 1000 Pa (i.e. several orders of magnitude 
greater than the initial values of G’). Figure 41 focuses on the change in G’ beyond 10 hours, 
and shows that a power law function can be used to fit each of the datasets. The best fit lines 
are shown in Figure 41, while the parameters derived from this fitting operation are listed in 
Table 5. Of particular interest is the exponent of the power law function (b), which quantifies 
the rate of increase in the modulus. For the 5% RD suspensions this parameter falls within a 
relatively narrow range (0.22-0.30), and increases with increasing concentration of RDS from 
0.222 (1.5% RDS) to 0.2496 (2.5% RDS), 0.2602 (3% RDS), 0.2634 (4% RDS) and 0.2995 (6% 
RDS). The same trend is also observed in the data for the 7% RD suspensions. While the values 
measured are lower than those derived from the suspensions with 5% RD, again there is a trend 







the RDS concentration (b goes from 0.1955 for 3.5% RDS to 0.1968 for 5.25% RDS)). Overall, 
these data demonstrate that while continued improvement in stiffness is to be expected over 
time in all suspension, the rate of increase goes down with decreasing concentration of RDS 
and decreasing concentration of RD. 
 
Figure 41. Evolution of the storage modulus with aging time for suspensions with different RD and 
RDS concentration after 50 hours. 
Table 5. Summary of the parameters used to best fit the increase in storage modulus with time 
Concentration G′ = at𝑏 
RD% RDS% a b R2 
7 5.25 2276.4 0.1968 0.9240 
7 3.5 2182.8 0.1955 0.9935 
5 6 618.8 0.2995 0.9462 
5 4 620.8 0.2634 0.9850 
5 3 612.6 0.2602 0.9852 
5 2.5 614.7 0.2496 0.9928 
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Concentration G′ = at𝑏 
5 1.5 0717.2 0.2220 0.9811 
 
In addition to the variation of G’ versus time, it is of interest to examine the evolution of the 
phase angle measured in the LVE region versus time. Figure 42 shows how this parameter 
changes with time for the same laponite suspensions examined in Figure 40. Figure 42 shows 
that for each of the suspensions the initial phase angle decreases with time. From the curves 
shown in Figure 42 it is possible for each suspension to derive the time at which the phase angle 
falls below 45°. This corresponds to the sol to gel transition. It is observed that for given 
concentration of RD, the sol to gel transition is increasingly delayed as the dosage of RD is 
increased. Specifically, it goes from 2.5 hours for 2.5% RDS, to 6.3 hours for 4% RDS to 10.2 
hours for 6% RDS. These results are consistent with the observation made above for the storage 
modulus, and suggest that for the suspension with greater percentage of RDS, the time for the 
microstructure to rebuild is delayed. The same trend is also observed in the data for the 
suspensions with 7% laponite RD modified with 3.5% and 5.25% RDS. Note that at any aging 
time the phase angle of the suspensions with 7% RD is lower than the values measured on the 








Figure 42. Evolution of initial phase angle with aging time for suspensions with different RD/RDS 
concentrations 
Figure 43 presents curve of storage modulus versus shear strain for suspensions prepared 
increasing the total amounts of laponite (RD plus RDS) from 4.5% to 10.5%, while maintaining 
the ratio of laponite RD to laponite RDS constant and equal to 2. The data presented in the 
figure pertains to AS tests conducted at different aging times: (a) ~ 2 hours, (b) ~ 24 hours, (c) 
~3 days and (d) 15 days. The figures show the influence of the total amount of laponite on the 
response of the laponite suspensions: for all suspensions there exist a LVE region in which the 
storage modulus is constant; and at any time period and at any shear strain the storage modulus 
increases with the total concentration of laponite (RD+RDS) (e.g. at 3 days G’ measured in the 
LVE region goes from 225.9 Pa (total laponite concentration = 4.5%) to 1766 Pa (7.5%), 2983 








(a)                              (b) 
  
(c)                     (d) 
Figure 43. Storage modulus as a function of shear strain for 4.5% to 10% laponite suspensions (RD to 
RDS ratio of 2) at different aging times: (a) 120 minutes, (b) 24 hours, (c) 72 hours and (d) 15 days 
Figure 44 summarizes the data of the storage modulus in the LVE region versus aging time for 
these suspensions on a double logarithmic plot. The following observations can be made: at 
any given time the suspensions with higher concentration of laponite have larger storage 
modulus; beyond a certain time, the slope of the storage modulus curve becomes linear and the 
variation of G’ with time can be described by a power equation; the time at which this occurs 
decreases with increasing RD concentration (from a few hours for the 7%RD+3.5%RDS 
suspension to ~ 100 hours for the 3%+1.5%RDS suspension); the exponent of this power law 
equation (see regression parameters in figure legend) decreases as the concentration of laponite 
RD is reduced (e.g. it goes from 0.42 for the 7%RD+3.5%RDS suspension to 0.25 for 








Figure 44. Evolution of the storage modulus with aging time for 4.5% to 10% laponite suspensions 
with constant RD to RDS ratio of 2 
4.4. Test Results on Laponite RD Suspensions Modified with Sodium Pyrophosphate (SPP) 
In this research, controlled shear rate tests (CSR) and amplitude sweep tests (AS) were 
conducted to investigate the rheological properties of laponite RD suspensions modified 
through the addition of sodium pyrophosphate (SPP). Table 7 summarizes the testing conditions 
examined and the key rheological properties derived from these tests. 
4.4.1. CSR Tests on RD Suspensions Modified with SPP 
In this research, controlled shear rate tests (CSR) were used to quantify the approximate value 
of the yield stress and the variation of the viscosity with shear rate of laponite suspensions 
modified through the addition of SPP.  
Figure 45 presents the results of CSR tests conducted on two of the suspensions examined: a 
9% laponite RD suspension with 7% SPP (by mass of the laponite) (Figures a-b) and a 6.5% 
RD suspension with 3% SPP (Figures c-d). The data presented pertain to tests conducted over 
time, from immediately after mixing to after 3-4 hours. The figures on the left show the flow 
curves, while those on the right present the variation of viscosity with shear rate. Similar to the 
y = 41.376x0.4161 R² = 0.977
y = 598.34x0.2541 R² = 0.994
y = 1094.1x0.231 R² = 0.9861































RDS modified laponite suspensions, it can be easily observed from the figure that both 
suspensions modified through the addition of SPP exhibit Newtonian or close to Newtonian 
behavior at early aging times, with the shear stress linearly increasing with shear rate and an 
almost constant value of viscosity. According to Table 7, at 15 minutes the viscosity of the 
9%RD + 7%SPP and the 6.5%RD + 3%SPP suspensions is 10.8 and 7.3 mPa.s, respectively, 
approximately 10 and 7 times that of water. As time goes by, the viscosity of the suspension 
increases; the material began to exhibit a yield stress, beyond which the viscosity loses its 
linearity and decreases with increasing shear rate. After about 3-4 hours, both suspensions have 
developed a yield stress equal to 10.7 Pa (9% RD + 7% SPP) and 37.3 Pa (6.5% RD + 3% SPP).  
 
(a)                                (b) 
 
 (c)                                (d) 
Figure 45. Shear stress and viscosity as a function of shear rate for: (a-b) 9% laponite RD modified 







Similar behavioral trends are observed for all other SPP modified laponite suspensions, 
although not all suspensions exhibits Newtonian behavior at early aging times. For example, 
Figure 46 presents the results of a CSR test conducted 15 minutes after mixing on a 6.5% RD 
suspension with 2% SPP. The figure indicates that even at this early aging time the suspension 
exhibits non-Newtonian behavior. 
 
Figure 46. Shear stress and viscosity as a function of shear rate for a 6.5% laponite RD suspension with 
2% SPP 
Figure 47 presents the results of CSR tests conducted on 6.5% laponite RD modified through 
the addition of 1%, 2%, 3% and 5% SPP (by mass of the clay). The data presented pertain to 
tests conducted at different aging times: 15 minutes (Figure 47(a)), ~ 30 minutes (Figure 47(b)), 
2 hours (Figure 47(c)), and 24 hours (Figure 47(d)). The figures clearly highlight the influence 
of the SPP dosage on the response of the laponite suspensions. At very early aging times (15 
minutes), the suspensions with 3% and 5% SPP exhibit Newtonian behavior; the suspension 
with 2% SPP shows close to Newtonian behavior, while the suspension with 5% SPP has 
already developed a yield stress. After just 15 minutes of additional aging, the suspension with 
2% SPP has also developed a yield stress (~ 16 Pa), while the yield stress of the suspension 
with 1%SPP has increased further. With additional aging, similar changes are observed in the 
other two suspensions, with the time required for the suspension to transition from Newtonian 
behavior increasing with increasing SPP dosage. At any time, the yield stress and the viscosity 
of the suspension measured at 1000/s decrease with increasing SPP dosage. These trends 








(a)                                    (b) 
  
 (c)                                 (d) 
Figure 47. Flow curves for a 6.5% laponite suspension modified with 1%, 2%, 3% and 5% SPP at 
different aging times: (a) 15 minutes, (b) 30 minutes, (c) 2 hours and (d) ~24 hours 
Figure 48 summarizes the average values of the viscosity measured in each of the CSR tests at 
a shear rate of 1000/s as a function of aging time (on a logarithmic scale). The data pertain to 
the CSR tests conducted on the same suspensions depicted in Figure 47. The data obtained for 
a 3% laponite RD suspension tested at 25℃ (line with triangular symbols) is included as a 
reference.  
Figure 48 shows that, as discussed above for the laponite RD plus SPP suspensions, all viscosity 
versus time curves have a similar “S” shape, which, in general, encompasses three “stages”. In 
the first stage of the curve the viscosity has a relatively low value, which does not change 
significantly with time. In this stage, the material behaves as a Newtonian liquid. With time the 
viscosity increases, but the behavior remains Newtonian up to a threshold time (t1), which is 







Newtonian. t1 increases with the amount of SPP, from non-Newtonian at time 0 for suspension 
with 1% and 2% SPP to approximately 1 hour for the suspension with 3% SPP and 4 hours for 
the suspensions with 5% SPP. (Note that no arrow appears on the curve for the suspension with 
1% SPP, as from the onset of the flow curve for this material exhibits a yield stress, and is 
therefore non-Newtonian. This means that stage 1 is not observed in the curve for this material). 
In the second stage, over a period that varies between 2 hours and 1 week, the viscosity 
increases sharply, reflecting the sol to gel transition. In the third stage the viscosity reaches a 
plateau indicating that this parameter has reached a “steady state,” i.e. that it no longer 
significantly changes with time. 
The addition of SPP plays a very important role in all three stages of the viscosity curves. As 
shown in Figure 48, in the first stage, the greater the SPP dosage, the lower the viscosity. For 
example, according to Table 7, increasing the dosage of SPP from 1% to 5% causes the 
viscosity at 1-hour (60 minutes) to decrease from 124 mPa.s (1% SPP) to 72.4 mPa.s (2% SPP), 
24 mPa.s (3% SPP) and 5.9 mPa.s (5% SPP).  
The development of the viscosity versus time in the second stage of the viscosity curve can be 
described by Equation 18, which is: 
𝜂 = 𝑎 𝑙𝑜𝑔(𝑡) + 𝑏                     Equation 18 
where “a” is the slope of the curve. This equation is used to best-fit the experimental data points 
in the second stage. 
Table 6. Summary of the parameters used to fit data in stage 2 with Equation 18 
S-# RD% SPP% a b r2 
33 6.5 1.0 38.78 53.44 0.9791 
34 6.5 2.0 52.48 -20.69 0.9618 
32 6.5 3.0 60.31 -71.35 0.9627 
31 6.5 5.0 65.80 -124.85 0.9740 
27 9 5 96.91 -108.48 0.9865 







S-# RD% SPP% a b r2 
30 9 8 108.11 -196.85 0.9896 
As shown in Table 6, for 6.5% laponite RD suspensions, as the concentration of SPP increases, 
the value of “a” increases from ~ 39 (1% SPP) to ~52 (2% SPP), ~60 (3% SPP) and ~66 (4% 
SPP), indicating a more rapid increase in viscosity with increasing concentration of SPP. 
Similar behavioral trends are observed for suspensions prepared with 9% RD and modified with 
5% SPP (a=96.91), 7% SPP (a=102.43) and 8% SPP (a=108.11).  
 
Figure 48. Viscosity vs. aging time for 6.5% RD suspensions with different SPP concentrations (the 
arrows indicate the transition from Newtonian to non-Newtonian behavior) 
In the third stage, the viscosity of the SPP treated laponite RD suspensions reaches a plateau 
and becomes independent of time. As summarized in Table 7, with 6.5% laponite RD, the final 
value of the viscosity ( 𝜂𝑓) decreases with an increase in SPP concentration from 177 mPa.s 
(1% SPP) to 169 mPa.s (2% SPP), 162 mPa.s (3% SPP) and 147 mPa.s (5% SPP). Similar 







through the addition of 3.92% and 7.83% SPP, and on suspensions with 9%laponite RD 
modified with 5% and 7% SPP (Figure 49). 
 
Figure 49. Viscosity versus aging time for different RD/SPP concentrations (the arrows indicate the 
transition from Newtonian to non-Newtonian behavior) 
Figure 50 shows the flow curves of suspensions prepared increasing the total amount of laponite 
from 6.5% to 9%, maintaining constant concentration of SPP at 5% (by laponite mass). The 
data presented pertain to CSR tests conducted at different aging times: (a) ~15 minutes, (b) ~ 1 
hour, (c) ~ 3 hours and (d) ~ 1 day. These data illustrate the influence of the amount of laponite 
RD on the flow behavior of the suspensions. Figure 50 (a) shows that at 15 minutes all 
suspension exhibit Newtonian, or close to Newtonian behavior. With time, the behavior of all 
suspensions transitions to non-Newtonian: the greater the concentration of laponite RD, the 
earlier this transition. For example, Figure 50(b) shows that for the suspension with 9% RD, 
this process has already occurred at 1 hour, while at about 3 hours (Figure 50(c)) only the 








(a)                              (b) 
 
 (c)                              (d) 
Figure 50. Flow curves for 6.5% to 9% laponite RD suspensions with 5% SPP at: (a) ~15 minutes, (b) 
~1 hour, (c) ~3 hours and (d) ~1 day 
All values of the viscosity measured at 1000/s on the suspensions depicted in Figure 50 are 
presented in Figure 51, in a plot of viscosity versus time (on a logarithmic scale). As in previous 
figures, an arrow indicates the time (t1) at which the behavior of the suspension transition from 








Figure 51. Viscosity versus aging time for 6.5% to 9% laponite suspensions with 5% SPP (the arrows 
indicate the transition from Newtonian to non-Newtonian behavior) 
4.4.2. AS Tests on RD Suspensions Modified with SPP 
In this research, amplitude sweep tests (AS) were used to determine the linear and non-linear 
viscoelastic behavior of laponite suspensions modified with the addition of SPP. The tests were 
performed by increasing the shear strain amplitude from 0.1% to 200% over a 4 minutes period 
at a constant oscillatory frequency of 1 Hz. As discussed earlier for some suspensions the shear 
strain could only be increased between 1% and 200%. 
Figure 52 shows representative results of amplitude sweep tests performed at different aging 
times, from 1 hour to 24 hours, on two suspensions: one with 9% laponite RD and 7% SPP, the 
second with 6.5% laponite RD and 3% SPP. The figures on the left show the development of 
storage and loss modulus with shear strain, while the figures on the right show the variation of 
phase angle with shear strain.  
The figures show the existence of a LVE region at all aging times for both suspensions. 







behaves like a sol: G’ in the LVE region (15.2 Pa) is smaller than G” (22.9 Pa), and the phase 
angle is ~ 55 ° , i.e. larger than 45 °  (see Table 7). With time the both moduli increase.  
Referring to Table 7, it is seen that as the aging time increases from 4.6 hours to 7.5 hours to 
46 hours, G’ in the LVE range increase from 15.2 Pa to 127.8 Pa to 1505.0 Pa. At the same 
time the difference between G’ and G” (G’-G”) increases from -7.7 Pa to 29.5 Pa to 1278.1 Pa.  
This translates into a decrease of the phase angle, which at 7.5 hours falls below 45°, reflecting 
the transition from sol to gel. At 46 hours the phase angle reaches ~8°, indicating that the 
response of the material is almost purely elastic. Similar behavioral trends are observed for the 
suspension with 6.5%RD and 3%SPP as well as for the other RD-SPP suspensions examined 
in this research (see Table 7).  
 
                    (a)                     (b) 
 
                    (c)                     (d) 
Figure 52. Storage modulus, loss modulus and phase angle as a function of shear strain for (a-b) 







Figure 53 shows the results of amplitude sweep tests conducted on 6.5% laponite RD 
suspensions modified through the addition of 1%, 2% 3% and 5% SPP (by laponite mass). The 
data presented pertain to AS tests conducted over time. The figures on the left show the 
development of storage modulus with time, while the figures on the right show the variation of 
phase angle with time. Note that for some of the suspensions the data are not available at all 
aging times. 
The figures show that for all the suspensions there exists a LVE region at any aging time. At 
any aging time, the greater the dosage of SPP, the lower the storage modulus and the greater 
the phase angle measured in the LVE region: e.g. at 2 hours G’ goes from 774.1 Pa (2% SPP) 
to 51.8 Pa (3% SPP), while the phase angle increases from 5.54° (2% SPP) to 35.22° (3% SPP). 
Interestingly, from 4 hours on this trend is reversed at high shear strains, as G’ increases, and 
the phase angle decreases with increasing SPP%. After about 1 day all of the suspensions 
exhibit a solid-like response (G’>G”, and phase angle <15°). 
  
(a)              (b) 
  








 (e)              (f) 
Figure 53. Storage modulus and phase angle as a function of shear strain for 6.5% laponite RD 
suspensions modified with 1%, 2%, 3% and 5% SPP at different aging times: (a-b) ~2 hours, (c-d) 4.5 
hours and (e-f) ~1 day 
Figure 54 clearly shows that at all aging times the addition of SPP leads to a decrease in G’. 
For example, the tests conducted at ~1 days indicates that G’ decreases remarkably with the 
addition of SPP from 3100 Pa (1% SPP) to 1716 Pa (2% SPP), 1276 Pa (3% SPP) and 434 Pa 
(5% SPP), indicating the addition of SPP leads to a breakdown of the microstructure of the 
laponite suspensions. As is shown in the figure, all of the 6.5% RD suspensions have a relatively 
low value of storage modulus at early aging time comparing to that at longer aging time, and 
the suspension with more dosage of SPP has a lower value of G’. The storage modulus of 
suspensions with 3% and 5% SPP is even lower than that of the 3% RD only suspension at 2 
hours, indicating that the microstructure is severely broken down by the addition of SPP. 
Similar behavioral trends are also observed in other RD-SPP suspensions, for which key 
rheological data are summarized in Table 7 and shown in Figure 55. Specifically, Figure 55 
presents the average values of storage modulus measured in the LVE region as a function of 
the aging time for three series of tests conducted on: 5% RD suspensions modified through the 
addition of 3.92% and 7.83% SPP; 8% RD suspensions with 3.92% and 5% SPP; and 9% RD 








Figure 54. Evolution of storage modulus versus aging time for 6.5% RD modified through the addition 
of 1%, 2%, 3% and 5% SPP. 
 
 
(a)                                    (b) 
Figure 55. Evolution of the storage modulus with aging time of (a) 5%, 8% and (b) 9% RD suspension 
modified through the addition of SPP 
Figure 56 shows the evolution of storage modulus G’ with time after 20-100 hours, when the 







described by a power law function). The data presented pertain to AS tests conducted on four 
samples: 6.5% RD modified with 1%, 2%, 3% and 5% SPP. Note that the time at which the 
data approach this trend is dependent on the suspension, and appears to increase with increasing 
dosage of SPP. Figure 56 shows the regression lines drawn through the data, along with the 
fitting parameters and the regression coefficients. The exponent that describes the rate of 
increase in the modulus with log time does not show a clear trend with SPP concentration: it 
appears to first decrease going from 1% SPP (0.2086) to 2% (0.1926) and 3% SPP (0.1620), 
and then increases to 0.2556 for 5% SPP. An increasing slope with increasing SPP dosage is 
also observed for the 9% RD suspensions, with the exponent increasing from 0.197 (3.92% 
SPP) to 0.334 (7.83% SPP). This observation is consistent with previous data for SPP treated 
bentonite suspensions (Clarke 2008), which showed a continuous increase in the exponent with 
increased SPP dosage.  
While additional work appears necessary to resolve this issue, overall the data show that at least 
over the aging durations examined the suspensions with higher SPP% are not able to “catch up” 
in stiffness to the lower SPP suspensions.       
 
Figure 56. Evolution of the storage modulus with aging time after 50 hours for 6.5% laponite RD 







Figure 57 illustrates how the phase angle measured in the LVE region changes with time for 
laponite suspensions modified with the addition of SPP. This figure shows that for 6.5% RD 
suspensions modified with 5%, 3% and 2% SPP, the initial phase angle decreases with time, 
indicating build-up of the gel microstructure. In contrast, the phase angle of the 6.5%RD with 
1% SPP suspension has a constant value of 1.5°, reflecting that from the onset (the first set of 
measurements occurred at ~21 hour), the suspension exhibited solid like response, an indication 
that the gel structure had already developed. Figure 57 also shows that for the same laponite 
concentration, the transition from sol to gel (identified in correspondence to a phase angle of 
45°) is increasingly retarded as the SPP% increases (e.g. it occurs at 2 hours for 3% SPP and at 
10 hours for 5% SPP). Similar trends are observed in the data for the other laponite RD 
suspensions treated with SPP (see Table 7). Overall, these results are consistent with previous 
observations on bentonite suspensions treated with SPP (Clarke 2008). Comparison of the data 
for suspensions with equal SPP% but different clay concentration indicate an increased sol-to-
gel transition time as the clay concentration decreases (e.g. with 5% SPP, the time goes from 
less than 2 hours for 9% laponite RD, to 3-4 hours for 8% laponite RD, to ~ 10 hours for 6.5% 
laponite RD).  
 







4.5. RDS VS SPP 
It is of interest to compare the results of CSR and AS tests conducted on laponite suspensions 
modified through the addition of RDS and SPP.  
The plots in Figure 58 and Figure 59 summarize the evolution of viscosity (measured at 1000 
/s) and storage modulus (in the LVE range) with aging time. The data pertain to two series of 
tests: the first conducted on 5% RD suspensions modified with 1.5%, 2.5%, 3% and 4% RDS, 
and the second conducted on 6.5% RD suspensions modified through the addition of 1%, 2%, 
3% and 5% SPP. These data illustrate that similar effects are achieved by adding laponite RDS 
or SPP to laponite RD suspensions. At early ages, as summarized in the previous sections, the 
addition of both materials leads to a reduction in viscosity and storage modulus (as well as in 
loss modulus and yield strength), reflecting the breakdown in the structure of the suspensions. 
These effects are more marked as the dosage of RDS or SPP increases. For sufficiently high 
dosages of RD or SPP, initial viscosity values of the order of 5-10 times that of water are 
reached, and the response of the suspensions becomes Newtonian. At very early aging times, 
the greater the dosage of RDS or SPP, the lower the viscosity.  
With time the viscosity of all suspensions increases sharply, reflecting the sol to gel transition 
of the suspension. Finally the viscosity of all of the RDS and SPP treated suspensions reaches 
a plateau, and no further changes are observed with time.  
There are, however, some difference in the development of the viscosity with time of the 
suspensions prepared with RDS versus those modified with SPP. In the latter, at any aging time, 
the greater the SPP concentration, the lower the viscosity. For the laponite suspensions 
modified with RDS, the rate of increase in the viscosity in what was referred to earlier in this 
thesis as the “2nd stage” increases with the increase in RDS% (Figure 58 (a)). For example, 
referring to Table 7, between 100 and 10,000 minutes the viscosity of a 5% RD suspension with 
1.5% RDS increases by 235% (from 60.4 to 142 Pa), versus a 516% increase (from 39.3 to 203 
Pa) for the same suspension with 3% RDS. As a result, after a certain period (which for the 
suspensions shown in Figure 58 (a) is ~500 minutes), greater viscosity is measured in the 
suspensions with greater RDS addition. This means that the value of the viscosity in the plateau 








 (a)              (b) 
Figure 58. Evolution of viscosity versus time for (a) 5% laponite RD suspensions modified with 1.5%, 
2.5%, 3% and 4% RDS, and (b) 6.5% laponite RD suspensions modified with 1%, 2% 3% and 5% SPP 
The G’ data (Figure 59) obtained from amplitude sweep tests performed on these suspensions 
further illustrate these same behavioral trends. For all the suspensions G’ continuously 
increases over time. An increase dosage of either modifier leads to decreasing values of G’ up 
to ~ 20 hours. Beyond this time, this trend is reversed in the suspensions with RDS, with 
increasing values of G’ measured in the suspensions with higher concentration of RDS. . 
  
                    (a)                                    (b) 
Figure 59. Evolution of storage modulus with time for (a) 5% laponite RD suspensions modified with 
1.5%, 2.5%, 3% and 4% RDS, and (b) 6.5% laponite RD suspensions modified with 1%, 2% 3% and 
5% SPP 
Figure 60 compares the increase in viscosity and storage modulus over time from tests 
conducted on four different RD suspensions modified by SPP , and on one suspension prepared 
with 5% RD and 4% RDS.. These figures illustrate how essentially the same rheological 







laponite RDS, i.e. either of these two modifiers can be used to target a given rheological 
response. 
 
                   (a)                                    (b) 
Figure 60. Evolution of (a) viscosity and (b) storage modulus with time for a 5% laponite RD 










Table 7. Summary of CSR and AS Data on Laponite RD suspensions modified with RDS and SPP 














 RD RDS SPP Hours Days mPa.s Pa Pa Pa ϕ (°) 
8 3.00 1.50  0.00 0.00 2.37 0.02    
    0.15 0.01 2.30 0.02   
     0.28 0.01 2.30 0.02   
    0.50 0.02 2.35 0.02    
    1.00 0.04 2.53 0.03    
    2.00 0.08 3.03 0.03    
    3.00 0.13 3.56 0.04   
     4.93 0.21 5.02 0.06   
    6.00 0.25 6.06 0.07    
    8.83 0.37 10.40 0.15 0.00 0.10 89.65 
    9.13 0.38 11.00 0.17    
    11.85 0.49 16.30 0.45 0.02 0.27 85.72 
    26.50 1.11 32.50 12.40 22.21 17.45 36.64 
    49.57 2.07 45.65 26.50 117.00 51.70 22.76 
    79.47 3.31 53.80 36.96 225.90 69.12 15.71 
    173.25 7.22 65.40 49.70 369.20 71.13 10.43 
    339.60 14.15 69.50 56.30 515.80 59.89 6.40 
    438.10 18.25 67.70 51.30 534.10 97.52 9.80 
    941.82 39.24 78.60 75.60 773.80 71.33 5.23 
    1591.83 66.33 74.10 73.80 830.80 63.20 4.13 
    3553.47 148.06 84.10 94.40 1173.00 66.10 3.15 
9 5.00 1.50  0.00 0.00 9.96 0.09    
    0.30 0.01 30.20 1.89    























 RD RDS SPP Hours Days mPa.s Pa Pa Pa ϕ (°) 
    0.75 0.03 51.00 19.50    
    1.03 0.04 60.40 30.30 350.80 63.03 10.52 
    8.33 0.35 113.00 93.10 1123.00 75.77 3.91 
    22.58 0.94 130.00 114.00 1418.00 76.80 3.10 
    46.12 1.92 139.00 127.00 1660.00 77.23 2.80 
    74.78 3.12 145.00 142.00 1731.00 85.03 2.90 
    168.17 7.01 142.00 155.00 2336.00 92.65 2.40 
    334.77 13.95 152.00 175.00 2798.00 108.20 2.27 
    433.07 18.04 157.00 183.00 2929.00 103.80 2.02 
    1587.05 66.13 155.00 202.00 3614.00 141.90 2.17 
    3549.60 147.90 150.00 218.00 4171.00 133.40 1.80 
10 5.00 3.00  0.05 0.00 6.23 0.07    
    0.32 0.01 7.53 0.08    
    0.67 0.03 10.80 0.10    
    1.07 0.04 17.70 0.23    
    1.90 0.08 39.30 1.51 0.30  81.21 
    2.23 0.09 48.90 3.99    
    2.90 0.12 63.40 14.60 25.48 27.81 48.02 
    3.73 0.16 79.00 29.90 37.96 40.12 44.49 
    15.67 0.65 150.00 118.00 1126.00 142.10 7.01 
    21.73 0.91 159.00 126.00 1330.00 141.90 6.34 
    39.80 1.66 174.00 155.00 1618.00 157.80 5.53 
    69.52 2.90 191.00 173.00 1958.00 145.40 4.18 
    162.58 6.77 203.00 201.00 2186.00 147.60 3.80 
    328.98 13.71 215.00 223.00 2780.00 169.60 3.23 























 RD RDS SPP Hours Days mPa.s Pa Pa Pa ϕ (°) 
12 5.00 2.50  0.00 0.00 6.30 0.07    
    0.25 0.01 7.33 0.08    
    0.57 0.02 12.30 0.14   
     0.75 0.03 16.80 0.22   
    1.00 0.04 22.50 0.44    
    1.25 0.05   0.35 1.14 72.30 
    1.43 0.06 37.60 1.79 0.90 3.39 75.20 
    1.92 0.08 50.10 8.14 12.74 16.38 52.80 
    5.45 0.23 102.00 61.30    
    6.00 0.25   415.50 139.00 17.80 
    17.65 0.74 145.00 121.00 1212.00 122.90 5.71 
    24.65 1.03 154.00 131.00 1400.00 125.60 5.12 
    45.93 1.91 166.00 152.00 1608.00 132.50 4.71 
    73.15 3.05 174.00 153.00 1766.00 150.90 4.56 
    164.02 6.83 186.00 179.00 2197.00 121.20 3.25 
    262.10 10.92 187.00 199.00 2340.00 119.10 2.82 
    358.83 14.95 188.00 208.00 2750.00 141.60 3.00 
    722.20 30.09 205.00 237.00 3107.00 159.80 3.00 
    1416.67 59.03 193.00 239.00 3887.00 188.10 2.41 
13 5.00 4.00  0.00 0.00 7.00 0.08    
    0.25 0.01 6.86 0.07    
    0.50 0.02 7.48 0.08    
    0.75 0.03 8.30 0.09    
    1.00 0.04 10.10 0.11  0.09 89.99 
    1.72 0.07 17.10 0.21  0.13 89.99 























 RD RDS SPP Hours Days mPa.s Pa Pa Pa ϕ (°) 
    3.00 0.13 41.50 1.06 0.02 0.56 87.64 
    5.30 0.22 79.70 18.30 20.06 28.15 55.34 
    6.45 0.27 95.80 36.20 52.54 56.45 45.57 
    9.63 0.40 125.00 71.90 290.00 167.00 29.36 
    23.80 0.99 177.00 122.00 1067.00 259.90 13.39 
    48.32 2.01 205.00 177.00 1618.00 258.20 8.83 
    105.85 4.41 223.00 190.00 2218.00 214.50 5.22 
    218.52 9.10 245.00 231.00 2654.00 204.00 4.34 
    386.53 16.11 248.00 257.00 2975.00 206.80 3.90 
    1037.37 43.22 265.00 320.00 4021.00 222.40 3.29 
    1321.67 55.07 246.00 307.00 3557.25 199.86 3.20 
    2570.50 107.10 246.00 315.00 4672.00 223.40 2.82 
18 5.00 6.00  0.00 0.00 10.80 0.13    
    0.25 0.01 9.24 0.10    
    0.53 0.02 9.33 0.10    
    0.80 0.03 10.00 0.11    
    1.17 0.05 11.40 0.12    
    1.78 0.07 14.90 0.17    
    3.00 0.13 26.20 0.35    
    3.92 0.16 40.10 0.69 0.02  88.50 
    5.75 0.24 72.40 3.47 0.35  82.95 
    9.67 0.40 122.00 39.10 49.43 60.01 50.01 
    23.87 0.99 206.00 143.00 607.30 363.90 29.33 
    51.30 2.14 250.00 215.00 1766.00 358.40 11.06 
    123.30 5.14 293.00 285.00 2850.00 308.90 6.09 























 RD RDS SPP Hours Days mPa.s Pa Pa Pa ϕ (°) 
    456.87 19.04 337.00 358.00 3965.00 359.80 5.03 
    723.47 30.14 344.00 371.00 4570.00 326.30 3.85 
    2065.90 86.08 339.00 411.00 5526.00 304.90 2.98 
16 6.00 3.00  0.00 0.00 12.40 0.14    
    0.25 0.01 24.10 0.32    
    0.50 0.02 43.10 1.34    
    1.00 0.04 75.50 19.60 268.90 141.30 26.60 
    1.95 0.08 116.00 65.00 583.45 168.80 16.20 
    5.92 0.25 179.00 141.00 1558.00 187.90 6.65 
    7.77 0.32 189.00 158.00 1689.00 168.10 5.59 
    20.98 0.87 218.00 202.00 2421.00 158.00 3.76 
    46.47 1.94 244.00 234.00 2729.00 196.60 4.69 
    71.00 2.96 249.00 244.00 2983.00 180.10 3.44 
    193.82 8.08 260.00 281.00 3526.00 177.80 2.75 
    359.55 14.98 260.00 315.00 4557.00 218.10 2.46 
    813.73 33.91 266.00 331.00 5218.00 213.80 2.21 
    2422.82 100.95 277.00 345.00 6214.00 260.00 2.61 
17 6.00 5.00  0.00 0.00 14.40 0.18    
    0.25 0.01 15.50 0.17    
    0.50 0.02 19.60 0.23    
    0.72 0.03 26.00 0.33    
    1.07 0.04 39.80 0.64 0.04 0.87 89.45 
    1.83 0.08 76.90 4.57 3.14 8.70 68.87 
    3.05 0.13 125.00 41.70 52.64 58.36 49.53 
    4.00 0.17 149.00 74.20 245.80 170.50 36.47 























 RD RDS SPP Hours Days mPa.s Pa Pa Pa ϕ (°) 
    17.77 0.74 261.00 230.00 2195.00 330.90 8.46 
    23.27 0.97 275.00 248.00 2487.00 317.70 7.10 
11 7.00 3.50  0.00 0.00 38.40 0.52    
    0.25 0.01 81.50 10.00    
    0.45 0.02  71.80 348.30 151.60 23.39 
    0.67 0.03 138.00 106.00 891.60 204.20 13.40 
    1.00 0.04 170.00 145.00 1372.00 215.60 9.19 
    1.50 0.06 199.00 161.00 1825.00 227.60 7.21 
    1.83 0.08 212.00     
    2.62 0.11 235.00 195.00 2393.00 229.10 5.53 
    4.58 0.19 264.00 229.00 2939.00 223.90 4.47 
    7.68 0.32 278.00 256.00 3343.00 209.00 3.72 
    10.42 0.43 293.00 276.00 3586.00 208.40 3.49 
    23.42 0.98 319.00 305.00 4067.00 195.80 2.49 
    51.75 2.16 349.00 321.00 4605.00 197.00 2.80 
    68.00 2.83   5131.00 229.60 2.57 
    78.20 3.26 349.00 365.00    
    168.60 7.03 340.00 404.00 5831.00 223.50 2.07 
    268.75 11.20 332.00 424.00 6501.00 239.60 2.11 
    363.40 15.14 360.00 427.00 6948.00 280.00 2.20 
    725.98 30.25 311.00 453.00 8166.00 288.90 1.94 
    1423.33 59.31 371.00 467.00 8842.00 291.30 1.81 
15 7.00 5.25  0.00 0.00 30.50 0.46    
           
    0.50 0.02 83.00 3.60   























 RD RDS SPP Hours Days mPa.s Pa Pa Pa ϕ (°) 
    1.52 0.06 187.00 92.10 563.20 280.00 25.82 
    2.17 0.09 222.00 138.00 1079.00 351.40 17.80 
    3.07 0.13 257.00 184.00 1694.00 402.20 12.90 
    5.55 0.23 305.00 355.00 2716.00 420.20 8.34 
    19.00 0.79 377.00 359.00 4186.00 338.30 4.82 
    47.18 1.97 400.00 396.00 5018.00 342.80 3.80 
    101.05 4.21 422.00 455.00 5516.00 316.40 3.44 
    214.53 8.94 435.00 480.00 6165.00 336.70 3.15 
    382.67 15.94 429.00 514.00 7727.00 342.40 2.43 
20 5.00  7.83 0.00 0.00 2.40 0.03    
    0.23 0.01 2.33 0.02    
    0.60 0.03 2.37 0.02    
    0.93 0.04 2.36 0.02    
    1.88 0.08 2.54 0.02    
    3.17 0.13 2.81 0.02    
    14.03 0.58 6.99 0.08    
    20.10 0.84 11.90 0.18    
    23.58 0.98 15.70 0.33 0.02 0.22 89.99 
    42.47 1.77 31.80 6.85 4.14 6.06 56.49 
    69.97 2.92 44.60 13.50 36.49 28.70 38.95 
    134.98 5.62 58.90 41.10 173.30 78.20 22.85 
    183.37 7.64 65.00 49.30 270.30 94.24 17.78 
    352.22 14.68 77.50 67.40 475.20 103.90 11.90 
    1744.07 72.67 88.40 89.40 1012.00 82.96 4.42 
    2705.10 112.71 80.60 84.20 1019.00 84.68 4.67 























 RD RDS SPP Hours Days mPa.s Pa Pa Pa ϕ (°) 
    0.45 0.02 2.94 0.03    
    1.00 0.04 3.94 0.04    
    2.00 0.08 5.12 0.06   
     3.95 0.16 9.15 0.12   
    5.62 0.23 15.80 0.31    
    8.70 0.36 29.00 3.93 1.97 3.89 63.24 
    28.17 1.17 55.90 31.10 135.50 78.27 27.52 
    55.60 2.32 71.00 53.50 392.10 68.74 9.34 
    121.08 5.05 85.40 67.90 659.40 62.86 5.34 
    168.40 7.02 91.00 79.40 708.10 65.81 5.20 
    337.30 14.05 95.00 85.60 828.90 72.32 4.75 
    1728.32 72.01 97.20 104.00 1261.00 76.91 3.34 
    2689.62 112.07 98.90 111.00 1359.00 79.61 3.09 
33 6.50  1.00 0.23 0.01 92.30 56.60    
    0.57 0.02 114.00 83.10    
    1.00 0.04 124.00 101.00    
    4.67 0.19 155.00 143.00 1978.88 66.39 1.86 
    6.12 0.26   2013.33  1.84 
    10.63 0.44 167.00 173.00 2466.36 73.28 1.69 
    24.33 1.01 170.00 211.00 3100.30 84.56 1.55 
    47.43 1.98 185.00 224.00 3293.83 88.96 1.46 
    103.23 4.30 162.00 259.00 4238.60 131.60 1.77 
    172.83 7.20 190.50 277.00 4514.45 113.99 1.50 
34 6.50  2.00 0.25 0.01 32.70 1.96    
    0.50 0.02 50.20 16.30    























 RD RDS SPP Hours Days mPa.s Pa Pa Pa ϕ (°) 
    1.95 0.08 94.50 65.50 774.12 74.87 5.54 
    4.65 0.19 120.00 97.20 1201.43 75.94 3.61 
    16.30 0.68 144.00 131.00 1678.29 77.05 2.69 
    24.65 1.03 150.50 140.00 1716.00 76.00 2.77 
    42.82 1.78 160.00 150.00 1800.32 75.33 2.83 
    98.15 4.09 159.00 162.00 2202.78 85.62 2.20 
    167.13 6.96 148.00 173.00 2617.30 97.25 2.19 
    191.00 7.96 169.00 185.00    
    356.50 14.85 168.00 197.00 2885.12 97.70 2.04 
32 6.50  3.00 0.27 0.01 7.34 0.08    
    0.50 0.02 10.50 0.11    
    0.98 0.04 24.00 0.54 0.10  83.32 
    2.15 0.09 51.00 16.40 51.78  35.22 
    3.35 0.14 69.50 37.30 213.34 81.72 20.81 
    8.03 0.33 103.00 73.80 695.65 103.91 8.47 
    26.45 1.10 135.00 117.00 1276.63 89.53 4.04 
    46.15 1.92 144.00 131.00 1449.25 94.95 3.70 
    68.77 2.87 147.50 133.00 1489.41 107.26 4.08 
    124.45 5.19 154.00 138.00 1489.41 105.36 4.06 
    193.43 8.06 162.00 154.00 1771.51 91.24 2.94 
    383.03 15.96 162.50 162.00 2035.95 115.23 3.22 
31 6.50  5.00 0.00 0.00 4.00     
    0.28 0.01 4.20 0.04    
    0.52 0.02 4.66 0.05    
    1.02 0.04 5.91 0.06    

























 RD RDS SPP Hours Days mPa.s Pa Pa Pa ϕ (°) 
    2.00 0.08 9.43 0.11 0.00 0.08 89.99 
    3.07 0.13 16.50 0.25 0.00 0.19 88.88 
    4.25 0.18 25.50 0.72 0.05 0.58 86.38 
    6.13 0.26   2.60 5.66 64.76 
    9.92 0.41 59.30 23.70 47.50 43.40 41.41 
    24.88 1.04 94.60 69.70 434.23 119.91 14.98 
    49.10 2.05 113.00 88.10 722.47 107.52 8.25 
    70.75 2.95 124.50 105.00 905.80 117.29 7.29 
    120.80 5.03 131.00 112.00 1011.60 111.97 6.37 
    195.52 8.15 141.00 128.00 1226.04 131.10 5.90 
    384.67 16.03 153.80 147.50 1370.40 129.54 5.29 
25 7.50  5.00 0.00 0.00 5.83 0.06    
    0.27 0.01 7.16 0.08    
    0.50 0.02 8.97 0.10    
    0.87 0.04 12.50 0.15    
    1.50 0.06 22.70 0.38    
    1.93 0.08   0.03 0.54 89.99 
    2.12 0.09 32.70 1.02 0.11 0.99 84.64 
    3.08 0.13 47.80 6.16 0.92 3.19 75.25 
    6.53 0.27 81.00 38.20 114.60 81.07 36.75 
    19.55 0.81 127.50 97.50 699.00 175.70 13.57 
    46.68 1.95 161.00 146.00 1385.00 157.90 6.38 
    70.42 2.93 173.00 161.00 1664.00 147.20 4.97 
    164.83 6.87 189.00 188.00 2021.00 144.70 4.11 
    1412.80 58.87 192.00 246.00 3198.00 179.40 3.11 

























 RD RDS SPP Hours Days mPa.s Pa Pa Pa ϕ (°) 
    0.28 0.01 15.80 0.18   
     0.72 0.03 36.60 1.14   
    1.10 0.05 52.20 6.73 21.66 26.67 49.90 
    2.28 0.10 86.50 40.80 125.00 77.13 32.80 
    3.60 0.15 110.00 71.50 530.40 151.10 15.40 
    5.17 0.22 132.00 94.50 771.70 185.60 12.84 
    6.93 0.29 144.00 112.00 1055.00 173.10 8.97 
    27.03 1.13 189.00 174.00 1927.00 154.60 4.53 
    53.52 2.23 211.00 205.00 2196.00 181.80 4.70 
    119.30 4.97 221.00 225.00 2572.00 141.50 3.24 
    167.62 6.98 230.00 235.00 2867.00 143.60 2.92 
    336.57 14.02 231.00 240.00 3063.00 158.80 2.95 
    1727.63 71.98 235.00 290.00 4250.00 199.80 2.67 
    2688.55 112.02 228.00 324.00 4584.00 211.60 2.50 
26 8.00  5.00 0.00 0.00 7.10 0.07    
    0.30 0.01 9.62 0.10    
    0.52 0.02 12.00 0.14    
    0.92 0.04 18.90 0.26    
    1.53 0.06 31.80 0.79    
    1.70 0.07   0.07 0.87 84.90 
    2.00 0.08   0.23 1.60 81.75 
    2.17 0.09 44.70 3.05    
    2.58 0.11   2.76 6.43 68.85 
    3.13 0.13 62.10 14.30 17.90 23.03 53.10 
    4.75 0.20 83.40 35.50 106.40 79.81 38.70 

























 RD RDS SPP Hours Days mPa.s Pa Pa Pa ϕ (°) 
    10.13 0.42 125.00 79.50 493.00 206.60 21.63 
    23.32 0.97 162.00 138.00 1211.00 187.10 8.48 
    51.47 2.14 190.00 178.00 1799.00 176.20 5.44 
    95.95 4.00 205.00 203.00 2138.00 174.30 4.61 
    144.37 6.02 209.00 207.00 2241.00 161.70 4.00 
    193.22 8.05 220.00 186.00 2476.00 178.90 4.04 
    433.43 18.06 225.00 239.00 2842.00 191.80 3.73 
    821.38 34.22 215.00 247.00 3233.00 185.20 3.13 
27 9.00  5.00 0.00 0.00 13.10     
    0.27 0.01 20.50 0.25    
    0.50 0.02 30.70 0.55    
    0.97 0.04 51.20 2.96    
    1.28 0.05   4.69 10.70 66.08 
    1.48 0.06 70.20 14.00    
    1.63 0.07   23.44 28.02 52.10 
    1.95 0.08 82.00 28.50 78.50 62.70 39.04 
    3.60 0.15 117.00 65.60 245.90 123.70 26.71 
    5.87 0.24 150.00 90.50 770.40 226.30 16.82 
    19.57 0.82 209.00 185.00 1889.00 193.40 5.76 
    47.70 1.99 237.00 225.00 2496.00 236.00 5.34 
    92.23 3.84 256.00 263.00 2968.00 191.50 3.62 
    139.92 5.83 266.00 278.00 3143.00 199.50 3.66 
    188.82 7.87 270.00 288.00 3192.00 209.90 3.69 
    428.97 17.87 285.00 316.00 3770.00 212.00 3.35 
    817.73 34.07 276.00 336.00 4564.00 207.60 2.51 

























 RD RDS SPP Hours Days mPa.s Pa Pa Pa ϕ (°) 
    0.25 0.01 10.80 0.12   
     0.47 0.02 13.40 0.16   
    0.78 0.03 17.50 0.22    
    0.92 0.04   0.00 0.17 89.99 
    1.17 0.05 23.80 0.36    
    1.55 0.06   0.01 0.41 88.29 
    1.70 0.07 33.60 0.72    
    2.05 0.09   0.06 0.80 70.29 
    2.50 0.10 48.30 2.36    
    3.53 0.15 65.70 10.70 2.55 6.74 70.29 
    4.50 0.19 78.60 22.10 15.16 22.85 54.90 
    7.32 0.30 104.00 51.90 127.80 98.33 38.97 
    21.38 0.89 170.00 137.00 971.20 261.30 14.01 
    46.12 1.92 195.00 170.00 1505.00 226.90 8.36 
    94.93 3.96 230.00 221.00 2198.00 216.00 5.52 
    165.57 6.90 243.00 252.00 2766.00 203.20 4.18 
    333.93 13.91 250.00 265.00 3194.00 214.20 3.60 
    722.67 30.11 254.00 284.00 3723.00 233.00 3.59 
30 9.00  8.00 0.00 0.00 8.34 0.09    
    0.25 0.01 9.95 0.11    
    0.53 0.02 12.30 0.14    
    1.00 0.04 16.30 0.21    
    1.52 0.06 21.80 0.31 0.00 0.25 89.99 
    2.25 0.09 31.80 0.64 0.01 0.36 88.30 
    3.00 0.13 42.80 1.50 0.06 0.81 85.60 

























 RD RDS SPP Hours Days mPa.s Pa Pa Pa ϕ (°) 
    6.08 0.25 76.80 20.60 23.60 30.11 51.60 
    9.02 0.38 101.00 47.40 87.35 76.63 42.89 
    26.02 1.08 160.00 126.00 800.20 254.10 16.65 
    48.80 2.03 191.00 171.00 1495.00 203.80 7.75 
    143.87 5.99 230.00 237.00 2475.00 211.60 5.01 
    312.28 13.01 251.00 273.00 2982.00 219.40 4.04 




















This chapter attempts to examine how the objectives of this research were satisfied based on the 
experimental findings. Section 5.2 provides an overview of the experimental program, while 
section 5.3 synthesizes the main conclusions drawn. Finally, section 5.4 provides recommendations 
for improving and expanding the work performed to date. 
5.2. Overview of the Research Work 
The research work performed for this thesis involved an extensive program of rheological tests on 
concentrated suspensions of laponite RD modified through the addition of laponite RDS and 
sodium pyro-phosphate. Laponite RD and laponite RDS were received from Southern Clay 
Products, INC.; while sodium pyrophosphate decahydrate (Na4O7P2.10H2O with molecular weight 
446.06 g/mol) was purchased from Sigma-Aldrich Chemical Company. All suspensions were 
prepared using filtered de-ionized water and mixed with a Hamilton Beach Model 33 mixer 
following the procedures outlined in Chapter 3.  
Approximately 30 different combinations of the three materials above were examined (see Table 3 
in Chapter 3). Tests were conducted on: pure laponite RD suspensions (3 different samples, with 
concentrations ranging from 3 to 3.25% by mass of the water); suspensions of laponite RD and 
laponite RDS (11 different samples); and suspensions of laponite RD with SPP (16 different 
samples). Concentrations reported in this thesis are in terms of laponite RD and laponite RDS by 
mass of the water, and SPP % by mass of the laponite. In the tests on laponite RD plus laponite 
RDS the RD % and RDS % were varied between 3% and 9%, and between 1.5% and 6%, 
respectively, with the total laponite concentration (i.e. RD plus RDS) ranging between 4.5% and 
12.25%. The concentrations of RD and RDS in the 11 different samples examined were chosen to 







and between mixes with the same RD to RDS ratio, but different values of the total laponite (RD 
plus RDS) concentration. 
The series of tests on suspensions of laponite RD modified with SPP included 16 different samples, 
with RD dosage ranging from 3% to 9% and SPP concentrations ranging between 1.5% and 8%. 
The specific mixes selected for testing allow describing the effect of increasing dosages of SPP on 
suspensions prepared at equal clay concentration, as well as the impact of changing the laponite 
clay concentration while maintaining constant the amount of SPP added by dry mass of the clay.  
In this research, the experimental program made use of a Physica MCR 301 Rheometer 
(manufactured by the Anton Paar Company) to determine the flow and the viscoelastic properties 
of the 30 suspensions outlined in Table 3 as a function of aging time, i.e. the time between mixing 
and testing. Specifically, tests were conducted from immediately after mixing to as much as 4 
months after mixing (selected suspensions only). For all suspensions testing extended to an aging 
time of at least 1.5 months.  
Two types of tests were performed using the Physica MCR 301 Rheometer: controlled shear rate 
tests (CSR), and amplitude sweep tests (AS). CSR tests were aimed at gaining insight into the flow 
behavior of the suspensions, in light of the interest of permeating these materials into a porous 
medium. The AS tests were instead performed to understand how the addition of laponite RDS and 
SPP affects the viscoelastic behavior of laponite RD suspensions. These results relate to the need 
that the laponite suspensions ultimately develop a gel structure with sufficient stiffness to limit 
particle mobility during earthquake shaking. 
All tests were performed using a cone-plate geometry at a controlled temperature of 25℃.  
The analysis of the results relied primarily on observing how the addition of laponite RDS or 
sodium pyrophosphate affected the following rheological parameters: yield stress and viscosity at 
a reference shear rate of 1000/s (representative of the shear rate that might be involved in an 
injection process) from the CRS tests and storage modulus, loss modulus and phase angle measured 
in the linear visco-elastic region in the AS tests. Values of the phase angle calculated from 
measurements of G’ and G” in AS tests are used to describe the sol-to-gel transition of the 
suspensions occurring over time, while measurements of G’ quantify the stiffness of the 








This section briefly summarizes the conclusions drawn from this research. It is organized in two 
subsections, which examine the effects on the rheological behavior of laponite RD suspensions of 
the addition of laponite RDS and sodium pyrophosphate (SPP), respectively.  
5.3.1. Effects of Laponite RDS on the Rheological Behavior of Laponite RD Suspensions  
The addition of laponite RDS greatly affects the rheological behavior of laponite RD suspensions. 
The main effects can be summarized as follows: 
1.  At early aging times, the addition of laponite RDS causes a reduction of viscosity, 
yield stress and storage modulus and an increase of the phase angle measured in the 
LVE region. For suspensions prepared with the same concentration of laponite RD, 
these effects become more significant with increasing amounts of laponite RDS (e.g.   
Figure 34, Figure 40 and Figure 42 in Chapter 4). For sufficiently high dosages of RDS, 
the response of the suspensions exhibit Newtonian or close to Newtonian behavior at 
early ages with viscosity on the same order of that of water, and phase angles close to 
90. 
2.  Over time for all suspensions the viscosity (in this research the value measured at 
1000/s was used as reference) increases. The development of the viscosity over time 
follows a S-shape curve that is qualitatively the same for all suspensions, and that is 
characterized by three stages, all of which are affected by the presence and the 
concentration of RDS. 
3.  At early aging time the viscosity has a relatively low and nearly constant value. This 
stage, which corresponds to Newtonian behavior (and is not observed in all suspensions), 
lasts from about 10 minutes to 3 hours depending on the proportions of RD and RDS. 
For the same concentration of RD, the higher the RDS concentration, the lower the 
measured viscosity, and the longer the duration of this stage.  
4.  At the end of this period the viscosity starts to increase sharply (stage 2), reflecting the 
evolution of the suspension microstructure from sol to gel (see Figure 34). In this stage 
the viscosity is observed to increase linearly with log time, with the slope of this line 







5.  Finally, in the third stage, which commences after 3,000 (2 days) -10,000 minutes (1 
week) (again, depending on the suspension), the viscosity reaches a plateau, in which 
the viscosity becomes independent of time. For suspensions with equal RD 
concentration, the higher the concentration of laponite RDS, the higher the viscosity 
that is measured in this plateau (see Figure 34). 
6.  The changes over to the suspension microstructure highlighted by the CSR tests are 
evident also in the AS results. For all suspensions with time the phase angle decreases 
(Figure 42), while the storage modulus increases (Figure 40). The rate of such changes 
tends to become more significant with increasing amount of laponite RDS (Figure 41).  
7.  While at short aging times the storage modulus G’ decreases with increasing RDS % 
(for the same RD%), this trend is reversed after a sufficient aging period (which depends 
on the concentration of RD and RDS). In contrast to what is observed for the viscosity, 
G’ continues to increase even 3 months after mixing, and after 10-50 hours, for any 
suspension the increase in G’ follows a power law function of the type G’=atb. The 
exponent b in this equation increases with higher RDS % (for suspensions with equal 
RD %)(Figure 41 and Table 5), and with lower RD % (for suspensions with constant 
RD/RDS ratio) (Figure 44). 
8.  While all suspensions show a decrease in the phase angle with time, at any ageing time, 
for the same concentration of RD, the lower the RDS %, the lower the phase angle (refer 
to Figure 42). Additionally, for suspensions with constant RD to RDS ratio, the value 
of phase angle decreases with an increase in the total amount of laponite (i.e. RD plus 
RDS) (see Figure 42). 
9.  For a given concentration of RD the sol to gel transition, identified in the AS tests 
correspondence to a phase angle of 45, is found to be increasingly delayed as the 
dosage of RDS is increased, (Figure 42). Despite this, after a sufficient aging time the 
storage modulus of suspensions with equal RD concentration ultimately increases with 
RDS addition (see data in Table 7).   
10. After 2 weeks of aging all the suspensions examined in this research displayed phase 







11.  Overall, at early aging times the rheological behavior of suspensions prepared with 
equal concentration of laponite RD and increasing the concentration of laponite RDS 
appears controlled by the effect of the additive present in the RDS (which increases with 
increasing % of RDS); at longer aging times, it appears instead controlled by the 
increase in total laponite concentration (which increases with increasing concentration 
of RDS).  
12.  Based on the extensive rheological testing program completed, the suspension with 
5% laponite RD modified through the addition of 4% RDS appears the most promising 
candidate for treating a sand to increase its liquefaction resistance. This suspension 
exhibits initial Newtonian behavior with viscosity approximately 7 times that of water 
(Figure 30 c-d); maintains Newtonian behavior for approximately 1 hour (Figure 34); 
and after ~ 50 hours displays phase angle below 10 and G’ in excess of ~ 2000 Pa  
(see Figure 38, Figure 40, Figure 42). The first two characteristics suggest that 
permeation of a sand should be feasible in practice (low viscosity and sufficient time 
window for permeation), while the last characteristic indicates that the suspension’s gel 
structure may be able to offer restraint to particle mobility during shaking (this is based 
on comparison to observations on bentonite suspensions by El Mohtar et al (2013) and 
Santagata et al. (2014)).  
 
5.3.2. Effects of Sodium Pyrophosphate (SPP) on the Rheological Behavior of Laponite RD 
Suspensions  
The addition of sodium pyrophosphate markedly affects the rheological behavior of laponite RD 
suspensions. The major effects observed in thus research can be summarized as follows: 
1.  The addition of SPP causes a reduction of the viscosity, yield stress and storage 
modulus and an increase of the phase angle at any aging time, relative to untreated 
suspensions with equal laponite RD concentration. These effects tend to become more 
significant with increasing amounts of SPP (refer to Figure 48, Figure 54, Figure 55, 







2.  The rheological behavior of laponite RD suspensions modified with SPP shows a 
significant evolution over time, with the phase angle decreasing, and the viscosity, 
storage modulus and yield stress all increasing with time. 
3.  As observed for the laponite RD plus RDS suspensions, all curves of viscosity for the 
suspensions with SPP display a similar “S” shape curve of viscosity versus log time 
(Figure 48, Figure 49), which encompasses three phases. The presence and dosage of 
SPP affects all three stages. 
4.  At early aging times the viscosity has a relatively low and nearly constant value. For 
the same laponite RD concentration, the greater the SPP %, the smaller the viscosity, 
and the more prolonged the duration of time over which the suspension exhibits 
Newtonian or close to Newtonian behavior (see Figure 48 and Figure 49). Note that this 
first stage is not observed in suspensions with high RD % and low SPP %, in which case 
the behavior is non-Newtonian from immediately after mixing.  
5.  Beyond a certain time, the viscosity starts increasing sharply, signifying the transition 
to non-Newtonian behavior, and ultimately the sol to gel transition. In this second stage 
the relationship between viscosity () and time (t) is described by the following equation: 
=a log(t) + b, where for the same RD %, the parameter a increases with SPP % (see 
Table 6). 
6.  After about 10,000 minutes, for all SPP-RD suspensions examined in this research, the 
viscosity reaches a constant value (stage 3 of S curve). For suspensions of equal RD%, 
the higher the concentration of SPP, the lower the viscosity measured in this plateau 
(see Figure 48 and Figure 49 and Table 7,).  
7.  For suspensions prepared with the same SPP%, the higher the RD concentration, the 
higher the viscosity at any given aging time (see Figure 51 and Table 7).  
8.  As observed in the tests on the RD-RDS suspensions, the storage modulus continues 
to increase steadily even several months after mixing. After about 50 hours, the increase 
in G’ with time follows a power law function (G’=atb), although the relationship 







9.  For all suspensions the phase angle rapidly decreases with time. The most significant 
decrease occurs between 1 and 10 hours, and after 2 weeks of aging all the RDS-SPP 
suspensions examined in this research display phase angle < 10°, evidence of a gel like 
structure with solid-like behavior.  
10.  For suspensions with equal RD %, the greater the SPP %, the more delayed the sol-
to-gel transition (see time corresponding to a phase angle of 45 in Figure 57 and Table 
7), and the greater the phase angle measured at any given aging time. 
11.  Based on the extensive program of rheological tests conducted it seems that the 9% 
laponite RD suspension modified with 7% SPP is the most promising to treat a sand 
deposit. This is due to: its low initial viscosity (~ 8-10 times that of water – see Table 
7) and close to Newtonian behavior (see Figure 45a-b,), which are both key factors to 
ensure that the suspension can be permeated in a porous medium; the relatively long 
period over which it exhibits close to Newtonian behavior (Figure 49), which guarantees 
a sufficient time window for permeation; and the low value of phase angle (~3.5 - see 
Table 7) and relatively high values of the stiffness (G’>3700 Pa – see Figure 55b and 
Table 7) that are reached after ~ 1 month, which demonstrate the ability of the 
suspension to build a sufficiently stiff gel structure over time. As mentioned above, 
previous experience with bentonite (El Mohtar et al. 2013 and Santagata et al. 2014) 
suggest that this should be sufficient to restrict particle mobility during shaking, and 
hence increase the liquefaction resistance of the sand.   
5.4. Recommendations for Future Research Work 
The experimental program conducted for this research explored the behavior of laponite RD 
suspensions modified through the addition of laponite RDS and sodium pyrophosphate (SPP). 
While over 20 different combinations of these materials were investigated through tests conducted 
from immediately after mixing to after over 3 months of aging, the scope of the work was 
necessarily limited by time constrains. Thus, there are a number of opportunities for expanding the 
work. Recommendations for future work are presented below, organized in three sub-sections. The 
first focuses on the extension of the rheological experimental program conducted for this research; 
the second suggests modifications to testing procedures that have been used in this research work; 
finally, the third sub-section briefly discusses additional work, beyond rheological experiments, 







5.4.1. Extension of the Experimental Program 
In the following paragraphs, a list of additional experimental work that should be implemented in 
the near future to further investigate modification of laponite suspensions and its rheological 
behaviors is given. 
1.  In this research, the measurements of rheological behavior of modified laponite 
suspension were conducted at different times, from immediately after mixing to up to 3 
months later. The data collected indicates that at even after 3 months many of the 
suspensions are still evolving in terms of their rheological response. Hence, it is 
suggested that future studies expand the work to longer aging times (e.g. up to 1 year). 
2.  In this research all tests were performed at a constant temperature of 25 °C. However, 
it is established that temperature is an important factor affecting the rheological 
behavior of laponite suspensions (e.g. see the research work conducted by Brandenburg 
et al., 1988). Therefore, it is recommended that future investigations examine the 
rheological behavior of laponite suspensions over a wider range of temperatures (e.g. 5 
to 40°C), representative of that which might be experienced in field conditions. 
3.  This research utilized only two types of rheological tests (CSR and AS tests) to study 
the behavior of modified laponite suspensions. Additional techniques are available (e.g 
time sweep tests, and creep & recovery tests), and would complement the data gathered 
to date.  
4.  pH plays a very important role in the rheological behavior of laponite suspensions 
(Butterworth et al., 1992). High pH might change the positive charge at rim to negative 
charge, while on the other hand low pH values might make the suspension be chemically 
unstable. Thus pH value should be taken into consideration in future work, and modified 
laponite suspensions should be tested under different pH conditions. 
5.  Throughout the experimental program, deionized water was used in order to control 
the ionic strength of the suspensions. However in filed applications the ionic strength 
of the water will vary. It is suggested that future work address the role played by this 







6.  In this research, laponite suspensions were stored in an environmental controlled room 
to minimize the interaction with atmosphere and avoid sample drying. However in field 
application during storage the suspensions may be exposed to the atmosphere and the 
temperature may vary. Thus for future work these circumstance should be taken into 
consideration, perhaps through the comparison of rheological data collected using 
laponite stored in different conditions.  
7.  The research performed for this research focused on two particular modifiers: laponite 
RDS and sodium pyrophosphate. However, as is discussed in Chapter 2, there are other 
types of modifiers that can be used as possible initial dispersing agents (e.g. alcohols, 
acids, clay materials, organic materials, other polyphosphate). Hence, future research 
should include tests on different modifiers. 
5.4.2. Modifications to Testing Procedures 
The following is a list of suggested modifications that should be applied in future research work 
when perform the rheological experiments to improve the accuracy and reliability of the test results: 
1.  In this research the CSR and AS tests were conducted immediately after loading the 
sample into the cone plate. Thus the disturbance caused by the sampling and the 
loading processes necessarily affects the rheological results. While not completely 
avoidable, these effects can be minimized by introducing a rest period prior to starting 
the test. Such a period allows the suspensions to at least in part re-build the 
microstructure disturbed during sampling and loading. Previous experience suggests 
that a duration of 4-5 minutes may be adequate. 
2.  In this research work all tests were conducted using cone plates with smooth, polished 
surface. While wall slip was not observed in this research, the use of tools with a 
roughened surface represents a better option if this were to be the case 
3.  According to Rockwood Additives Limited (2011), the suspension should be mixed 
for at least 15 minutes to make sure that all the laponite powder is dispersed into water. 
However, in this research the mixing period was only 5 minutes in order to be consistent 
with the procedures used in previous research work conducted at Purdue. 
4.  The rheometer utilized in this research can be modified to allow rheological tests to be 







experiments under pressure would provide data that are more representative of the 
conditions in which the suspensions ultimately are in after delivery in the pore space.  
5.4.3. Moving Beyond Rheological Tests 
As discussed earlier, the work performed for this thesis is part of a broader effort aimed at 
investigating the use of laponite suspensions for treating granular deposits susceptible to 
liquefaction. Through this work, an extensive database on the rheological properties of laponite RD 
suspensions has been developed. These results can be used to move the investigation to the “next 
level” investigating the delivery of laponite suspensions in a porous medium, and examining their 
effectiveness in mitigating liquefaction. Such an effort might involve the following tests: 
1.  Permeation tests in laboratory prepared sand columns to establish the relationship 
between rheological properties and the extent of permeation as a function of the type 
of soil and the applied gradient. Due to their low initial viscosity and their capability 
of rebuilding their stiffness over time, a 5% laponite RD suspension modified with 4% 
RDS and a 9% laponite RD suspension modified with 7% RDS appear the most 
promising candidates for this work. 
2.  Cyclic triaxial tests on sand specimens permeated with laponite suspensions to 
quantify the improvement in cyclic resistance of the treated sand. Tests should be 
performed at different times after permeation, to establish if and to what degree the 
cyclic resistance changes as the rheological properties of the suspension evolve with 
aging. 
3.  Monotonic triaxial tests and resonant column tests on sand specimens permeated with 
different laponite suspensions to investigate the changes in static shear strength, 
frictional properties, small strain stiffness and damping behavior.  
In addition to the above, there is the opportunity to gain an increased understanding of the behavior 
of laponite suspensions through direct observation of their microstructure using techniques such as 
cryo-scanning electron microscopy (cryo-SEM). In the past (El Howayek 2011), this technique has 
been used to image 3% laponite suspensions, highlighting a unique architecture of these materials 
at the micro and nano scales. Similar observations should be conducted on laponite RD suspensions 
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